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ABSTRACT 

The work in this thesis is an extension of a large 
study carried out by this college at Rothamsted 
Experimental Station (J. Featherstone-Witty, Ph.D thesis, 
1974; with Keay, and Froggatt in press) and was aimed at 
scaling down the fieldwork to lysimeter investigations in 
order to elucidate the true value of algal inoculation as 
a replacement for synthetic fertilizers. 
Two lysimeters (each measuring 5m. x 3m.) were con­
structed above ground on concrete rafts with a built in 
facility to collect drainage water from the four quarters 
of each lysimeter. Both units were filled with calcar~ous 
soil (pH. 8). Each unit was divided into 4 treatments 
and sown to spring wheat. 
Previous indications were that this variety would 
benefit more from algal release of nitrogen than winter 
wheat because of a later maturation, and hence greater 
likelihood of the ears receiving nitrogen released from 
algal cells during late summer. 
A continuous record was kept of variations in soil, 
crop and drainage water nitrogen together with surface 
nitrogen fixation measurements (using the acetylene 
reduction technique), so that estimates of the efficiency 
of algal inoculation, to increase soil-N levels, could be 
made. 
Laboratory studies have suggested nitrogen fixation 
occurs only in soils low in nitrogen (less than about 4ppmJ 
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and algal cells apparently release very little extracell~ 
nitrogen when grown on solid surfaces. These low levels 
of nitrogen would not support crop yields equivalent to 
those achieved by the application of synthetic 
fertilizers. 
Results from the two year lys1meter study suggest 
no improvement in crop yield for the algal inoculated 
treatments, compared with the controls, though total crop 
nitrogen, for the algal treatments was approximately 7% 
higher than the fertilizer treatments and 60% higher 
than the mean value for the two controls; ear nitrogen 
was as much as 46% higher than the controls. 
Algal inoculation, together with herbicide application, 
proved the best treatment, improving both crop dry weight 
and nitrogen composition significantly. 
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SECTION I 
INTRODUCTION 
A) IMPORTANCE OF NITROGEN 
Nitrogen comprises 78% of the earth's atmosphere, 
but can be used directly by only a very limited number of 
organisms. All living organisms are therefore severely 
dependent on the availability of fixed nitrogen. It has 
been this fact that has led to a great deal of research 
into the availability of nitrogen in a variety of 
environments and a variety of forms. 
Work carried out by J. Gilbert in 1~~3 and subseq­
uently by a number of workers at Rothamsted Experimental 
Station on nitrogen as a crop nutrient has shown N to be 
the most abundant of elements in plants except for carbon, 
hydrogen and oxygen. (Liebig maintained that all plant N 
came from Ammonia in the air). 
Lawes, Gilbert and Pugh (1~63) showed that legumes 
cannot by themselves take up N2 from the air, and Helriegel 
and Wilfarth (1~~6) showed that legume root nodules formed 
by soil micro-organisms were responsible for nitrogen 
fixation. 
It was shown that there is a whole range of organisms 
that can reduce elemental nitrogen to more reactive 
compounds of use in cellular metabolism. The nitrogen made 
available by these primary fixers can be passed to other 
organisms and eventually be cycled through the biosphere. 
Although recycling and losses under a natural system would 
permit a fairly stable nitrogen status within the biosphere, 
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recent influence and interference by Man has caused some 
fluctuations from the normal (Delwiche, 1970). 
The main influence of Man on the 'Nitrogen Cycle' has 
been by the production of fertilizers, by industrial 
fixation, and the controlled growth of nitrogen­
supplamenting crops. Even though ma~y countries use very 
little, the world use of N-fertilizer has increased by at 
least tenfold since 1950. Based on this fact an estimate 
has been proposed of an excess of 100 million tons of 
industrially fixed N per annum by the year 2000. 
It has been the huge fertilizer requirements and the 
ever increasing strain on the world reserves of fossil 
fuels that has made the industrial fixation of nitrogen, 
by such means as the Haber-Bosch process, very expensive. 
Rising costs of energy have influenced fertilizer use so 
much that renewed emphasis has been placed on the import­
ance of natural N-fixation from our atmosphere. 
Nitrogen in its gaseous form is inert and only a 

small, but still significant amount, is fixed by ionizing 

......
phenomena such as cosmic radiation and light'ning. The 
majority of naturally fixed nitrogen comes from the 
activity of a few specialized micro-o:rganisms. These 
organisms can be grouped into two basic categories, namely 
symbiotic forms and free-living forms. These can be 
classified as follows :- (after Stewart, 1966). 
(i) Symbiotic forms 
(a) Rhizobium spp. These bacterial symbionts occur 
within the root nodules of members of the family Leguminosae 
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e.g. Pea (~isum spp.), Clover (Trifolium spp.) and Soya 
bean (Glycine max). 
(b) Actinomycetes It is now believed that these 
form associations with certain non-leguminous angiosperms 
e.g. Alder (Alnus spp.), Bog myrtle (Myrica gale), and Sea 
buckthorn (Hippopha~ rhamnoides). 
(c) Blue-green algae. These can form a number of 
symbiotic associations, but probably the most quoted 
example is that of the partnership with fungi to form 
Lichens. other symbiotic associations are as follows : 
Bryophytes, e.g. Blasia 
Pteridophytes, e.g. Azolla 
Gymnosperms, e.g. Encephalartos 
, 
Angiosperms, e.g. Gunnera 
(N.B. unlike the Legumes, fixation is not dependant on the 
partner) • 
(ii) Free-living forms 
(a) Bacteria. Certain bacteria are capable of 
fixing nitrogen and these include such examples as 
Chromatium (Photoautotrophic) and the heterotrophic 
Azotobacter and Clostridium. 
(b) Blue-green algae. Other than the few 
symbiotic forms, there are large numbers of free-living 
blue-green algae which are capable of nitrogen fixation. 
A few of these fixers occur in the order Stigonematales, 
but the majority are from the order Nostocales, including 
such examples as Nostoc spp. and Anabaena spp. 
(c) Possibly certain yeasts. There are a few 
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members 	of the yeasts which are believed to fix nitrogen 
e.g. Rhodo torula , and Pullularia. 
N.B. There are also bacterial leaf nodule associations 
e.g. 	in such plants as PsYchotria and Pavetta which may be 
"""'consider;ed as intermediates between symbiotic and free-
living forms. 
Legume nodules have been recognized as a nitrogen 
source for many years, but it has been only fairly 
recently that both the bacterial and the blue-green algal 
nitrogen fixing ability has been looked upon as an 
exploitable source of crop N. 
B) DISCOVERY OF FIXATION BY BLUE-GREEN ALGAE 
Boussingault (1~38) carried out the first exact 
experiments on legume fixation showing that Lucerne and 
Clover enrich the soil with nitrogen, but it was probably 
Frank (lee9) who observed the inc~ease in soil nitrogen 
due to 	the presence of algae. 
Most early work however had been carried out on 
impure cultures, and Pringsheim (1914), Pringsheim and 
Glade (191~) and Maertens (1914) all failed to find 
evidence of nitrogen fixation in axenic cultures. It was 
not until work by Drewes was published in 1928 that people 
began to accept the ability of some species of blue-green 
algae to fix atmospheric nitrogen, this work being 
substantiated by a number of other workers such as 
Allison, Hoover and Morris (1937), De (1939), Fogg (1942) 
and Watanabe (195·1J. 
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Most of the nitrogen fixing species so far recognized 
belong to three genera of the order Nostocaceae : Anabaena, 
Cylindrospermum and Nostoc, with two other families, the 
Rivulariaceae and Scytonemataceae possessing nitrogen 
fixing species. (There appear to be no nitrogen species 
in the O.scillatoriaceae). 
With the exception of Gloeocapsa, the unicellular 
orders of blue-green algae are considered to be unable to 
fix nitrogen, especially under aerobic conditions. All 
the species recorded as fixing nitrogen under aerobic 
conditions also have in common the possession of heter­
ocysts along the filaments, this cell type being the most 
likely site of nitrogenase activity (Stewart, Haystead and 
Pearson, 1969), and non-heterocystous forms such as Lyngbya 
and Oscil1atoria will only show signs of fixation under 
micro-aerophilic conditions. 
C) OCCURRENCE AND DISTRIBUTION OF BLUE-GREEN ALGAE 
The Cyanophyceae are a very diverse group, found to 
fix ni troge'n in a wide range of habitats from freshwater 
to marine and from temp.era tures of 50°C .of hot springs 
(stewart 1970) to temperatures close to freezing point in 
areas of Alaska and Antarctica (Fogg and Stewart 1968). 
They also colonize a vast range of soil types ­
Tropical, Temperate and Arctic (Holm-Hansen, 1963, Hirano, 
1965, Cameron, Morelli and Elank, 1965, Fogg and stewart 
1968 and Jurgensen and Davey, 1968) as well as Deserts 
(Cameron anQ Blank, 1966) and Sand dunes (Stewart, 1965, 
! 
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Rothamsted experimental station has been one of the 
leading research bodies into soil fertility since its 
foundation by J. B. Lawes in 1843 with the collaboration 
of J. B. Gilbert. It therefore seems fitting that the 
earliest systematic studies of algal species present in 
soil should have been at Rothamsted by Bristol-Roach in 
the early 1900's. Her results were published in 1927 and 
gave estimates of approximately 60,000 algal cells per 
gram of topsoil, but J. F. Witty (Ph.D Thesis, 1974) 
suggested that blue-green algae only accounted for about 
30 individuals per gram of topsoil from the same plots. 
Not only are blue-green algae diverse as a group, but 
it is fascinating to note that even an individual species 
can be cosmopolitan, for example Nostoc commune is a 
terrestrial species which can be isolated from soils from 
almost every climate. This fact suggests the cyanophyta 
to be primitive and certainly resistant to changes in the 
temperature, light and moisture content of their substrate. 
The varied distribution of any particular species, like 
all plant groups, is controlled by a number of environment­
al factors :­
D) 	 FACTORS AFFECTING THE DISTRIBUTION OF ALGAL 

POPULATIONS 

(i) 	 Temnerature 
As already stated, the cyanophyceae are a group found 

in nearly every climatic zone of the world, with individual 

17 
• 
species capable of more than just survival at both 
extremes of temperature. 
The range of temperature suitable for the growth of 
blue-green algae is wider than that for other algae, and 
Allen (1968) suggests a mean value of 35°C for the 
laboratory growth of cultures. However certain 
thermophilic species such as Synechococcus spp. may not be 
capable of survival below 500 C (Peary and Castenholz, 1964), 
whilst being grown in the laboratory at temperatures up to 
730 C. 
Generally temperature affects nitrogenase activity as 
well as growth, and even though Henriksson (1971) found no 
temperature influence on Swedish soils, .most temperate 
species do show optimum temperatures for maximum fixation 
rates. Nostoc ellipsosporum was demonstrated by Witty 
(1974) to give maximum nitrogenase activity at 38°C in. the 
presence of light and oxygen. 
The nitrogenase system in blue-green algae appears to 
be similar for all species studied, irrespective of their 
natural environment. Species studied from the Antarctic 
have been demonstrated to have the same QIO for their 
nitrogenase as Anabaena cylindrica, a temperate species, 
studied in the laboratory by Fogg and Than-Tun (1960). 
It may be that at some future date, these cold­
adapted forms will be shown to produce higher rates of 
fixation in temperate soils, than indigenous forms and 
theoretically could fix nitrogen during some of the winter 
months when indigenous species had ceased. 
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(ii) Light intensity 
As a group, the Cy~nophyceae are primarily auto­
trophic and soil sampling has shown the majority of cells 
to be located in the surface layers (top 0.5 mm.). It 
seems justifiable, therefore, to assume a tolerance to 
high light intensities. However recent investigations 
have shown some sub-surface growth, protected from adverse 
light intensities and still active in photosynthesis and 
in nitrogen fixation. 
Certain soil algae can grow heterotrophically, but 
such species as Chlorogloea fritschii have been studied by 
Fay and Fogg (1962) and Fay (1965) and only show slow 
growth rates. 
Nitrogen fixation is very much dependent on the 
presence of light, because of the large ~uantities of 
carbon skeletons required for the fixation process. It is 
doubtful therefore whether there is sufficient readily 
oxidisable organic matter available in the soil to support 
high rates of nitrogen fixation, in the absence of light. 
Lund (1967) suggests that facultative heterotrophy 
may be of importance to algal populations buried in the 
soil, but of little value in maintaining production as a 
whole. Also, algae buried by heavy rainfall grow back to 
the surface quite rapidly. 
Although dependQnt on light for incorporation of 
fixed N2, and hence maximum fixation rates achieved under 
high light intensity, blue-green algae can fix nitrogen 
(reduce acetylene) through the night, up to 20% of the 
-
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midday value, depending on daytime light intensity and the 
reduction in temperature at night. (Witty, 1974). 
(iii) Soil moisture 
Not surprisingly, all algae appear to grow better on 
damp soil, with a strong correlation between fixation and 
soil moisture and also. between algal growth and topography 
of the soil. It appears that healthiest growth occurs in 
hard, compacted soil with strong powers of water retention, 
and under a crop stand (especially if not herbicide treated) 
where the soil remains damp for several days without rain. 
Experiments carried out by Singh (1950) in the 
infertile "Usarll lands of northern India showed clearly the 
importance of moisture on the growth and subsequent 
development of blue-green algal populations. There also 
appeared to be a definite succession of species with an 
end result of increased nitrogen status and water-retention 
properties of the soil~ 
Many workers have noted the tendency for increase in 
algal populations under crop stands (Shtina, 1959, 
Stewart, 1965 and Whitton, 1971). The growth of Rivularia 
colonies on rock faces above the supralittoral zone of the 
seashore is yet another example of the need for moisture 
in the environment. 
Soil algae do however have a great tolerance toward 
the drying out of their substrate, so much so that they can 
survive in tropical and arid deserts by drying up and 
becoming inactive during the dry season. They can then 
rapidly colonize the area after the essential rains of the 
-
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monsoons. 
Associated with dry soils can be high temperatures 
and increases in salt concentration, and it is 
noticeable that the majority of species have a resistant 
wall and underlying protoplasm. To avoid desiecation, 
many fo~s (usually filamentous) intertwine and form 
close-knit bundles and their mucilage sheaths help retain 
their moisture. Unicellular forms such as Gloeocapsa can 
aggregate into gelatinous globose colonies. 
From crop studies, one can observe an improvement in 
nitrogen fixation if herbicide is not applied to decrease 
weed populations. The increase in ground cover serves to 
retain more soil moisture and allow algal development and 
fixation to continue for longer periods without rain. 
However with the added competition for soil nitrogen the 
crop N can sometimes be reduced. 
(iv) lill 
Cyanophyceae generally grow best at alkaline pH and 
specifically in the range 7.5 - 9.0 (John, 19lt2, Gerloff, 
Fitzgerald and Skoog, 1950, Kratz and Myers, 1955), with 
many species preferring calcareous soils. There are 
exceptions to the above range of pH, but no growth is 
noticed with the species studies below pH 5.0 and this fact 
is important when culturing in liquid media and on solid 
surfaces. 
The survey of Swedish soils by Granhall and Henriksson 
(1969) found no species of blue-green algae in soils of 
pH 3.0 - 5.0, but Stewart (1969) noted the occurrence of 
-
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Anabaena, Hapalosiphon and Stigonema on acid bogland soils 
of pH 4.0. 
It is possible that the abundance of blue-greens in 
arid soils may be due to soil alkalinity. However it is 
uncertain whether the hydrogen-ion concentration is the 
major factor, or whether it is an effect of resultant 
changes in solubility-of certain metals. Both Iron and 
Molybdenum have an effect on growth and nitrogen fixation 
• h\'jh Q,)o'-c\ _. Lo,:,", l' \-l l'-'e..sp ecX\\J~S 
and both metals are less ava~lable at _c' . _'.,. 
The metals precipitate out of solution and are effectively 
removed from the environment. Likewise for the enhance­
ment of growth by liming, both the calcium concentration 
and the pH levels are raised. 
What is certain is the need for a balance of both pH 
and the necessary salts in the growth medium. 
(v) Soluble nitrogen 
High concentrations of soluble nitrogen enhance algal 
growth but will tend to supress nitrogen fixation. 
Stewart (1969) however observes that naturally occurring 
populations of Nostocales and Stigonematales invariably 
show heterocyst development which suggests insufficiently 
high levels of soluble nitrogen for maximum growth of the 
algae in natural ecosystems and they will carry out 
fixation of atmospheric nitrogen to supplement their 
requirements. 
Blue-green algae can readily utilize inorganic forms 
of nitrogen such as nitrate, nitrite and ammonium salts. 
Some species are capable of fixing atmospheric nitrogen 
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and certain species can use organic nitrogen. Kratz and 
Myers (1955) suggest better growth of nitrogen fixing blue­
green algae on media with available nitrate than when 
dependent on atmospheric, elemental nitrogen. Ammonium-N 
is yet more favourable to the alga but eventually causes 
a decrease in growth rate due to the selective accumulation 
of ammonia leading to a drop in pH of the external 
environment. 
Even though nitrogen sources such as nitrate will 
speed up culture growth, for most purposes, the author 
chose to use nitrogen-free medium of Allen and Arnon (1955) 
to ensure that the cultures were well physiologically 
adapted to fix atmospheric N2 0 
(vi) Molybdenum and Iron 
It is of special interest that all nitrogen fixing 
organisms, the cyanophyceae included, require both 
molybdenum and iron in small quantities for optimum 
nitrogenase activity (Burris, 1969). 
Molybdenum may be needed in as high a concentration 
as 0.2 ppm for optimum activity and can become a limiting 
factor of growth and fixation, whereas iron is required in 
concentrations of 0.02 - 0.05 ppm (Burk, Lineweaver and 
Horner, 1932) which is generally exceeded in most habitats. 
As previously stated, both metals can be precipitated 
\)I\Yo.Vc>I.>rO- h\e, 
out of solution at)..;:.,: pH and therefore, especially in 
culture, one must realize that total quantities of any 
mineral are not necessarily the quantities available to 
the cell. 
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De and MandaI (1956) showed that additions of Mo (0.3 
Kg./ha.) to Indian paddy soils could increase the amount 
of nitrogen fixed by free-living fixers by as much as 23%. 
E) BIOCHEMISTRY OF ALGAL NITROGEN FIXATION 
Nitrogen is a group five element in the periodic 
table and is therefore an element with five valence 
electrons. The electron configuration is represented as 
182, 2S2 , 2P3 and the stability of elemental nitrogen is 
due to the sharing of three electrons to give a diatomic 
molecule with stable octet of electrons characteristic of 
the noble gases. 
Because of the stability of molecular nitrogen, it 
cannot be readily reduced by chemical means. However some 
living organisms possess an ability for reducing 
atmospheric ni trogen and rendering it useable for cellular 
metabolism. 
Much work has been carried out with legume root 
nodules and intact bacterial cells in the biochemical 
investigation of fixation, but only recently have exper­
iments on cell-free extracts proved successful. 
The system responsible for the reduction of ni trogen 
is called the nitrogenase system and involves an enzyme 
which is very efficient at fixing atmospheric nitrogen. 
The Km for nttrogen is near to 0.2 atmos. of N for blue­
green algae and therefore 1s clearly saturated at the 
normal partial pressure of N in the air (approx. 0.8 stmas.) 
The S:1t'1e system can also reduce other molecules 
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possessing a similar structure to N=N; for example 
acetylene (CH=CH), cyanide (H-C=N) and azide (N3-). The 
reduction of acetylene to ethylene (CHz=CH2) has of course 
now become a very convenient method for assaying nitrogen 
fixation since both acetylene and ethylene can be separated 
easily by gas chromatography. 
The earliest stable molecule formed by the nitrogenase 
reduction is that of ammonia and this process is extremely 
sensitive to oxygen. The reduction can, with some 
organisms, be directly from the use of molecular hydrogen, 
but other reductants such as pyruvate and formate can also 
provide hydrog'en or electrons for the production of 
ammonia. 
Until this decade there was doubt whether non­
heterocystous forms of filamentous blue-green algae were 
capable of fixation, but Stewart and Lex (1970), using 
Plectonema borvanum 594 (a non-heterocystous alga) showed 
nitrogenase activity in normal vegetative cells. Their 
findings and those of others (Fay and Cox, 1967, Haystead, 
Robinson and Stewart, 1970 and Smith and Evans, 1971) 
suggested nitrogenase activity to be possible in all 
vegetative cells, but that oxygen evolved during 
photosynthesis inactivated the system. This inhibition 
of nitrogenase by oxygen is reversible in the short term 
(Stewart, 1971), and micro-aerophi1ic nitrogenase activity 
has been seen in pure cultures of such species as Lyngbya, 
Phormidiym, Oscillatoria and Plectonema. 
The presence of heterocysts in many filamentous forms 
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and the correlation with nitrogenase activity under aerobic 
conditions is fairly convincing evidence as to the 
heterocysts being the site of nitrogen fixation (Stewart, 
et al1969). They lack photosystem II of the photosyn­
thetic process and are thus protected from oxygen 
inhibition. 
Nitrogen fixation in unicellular species such as 
G1oeocapsa is light depend~nt (Wyatt and Silvey, 1969) 
and under aerobic conditions shows comparable rates of 
fixation with heterocystous algae. The protective 
mechanism against oxygen is uncertain, but acetylene 
reduction is greater under micro-aerophilic conditions 
than aerobic conditions (Stewart, 1971). 
(i) Reguirements of algal nitrogenase 
The requirements of nitrogen fixing species of algae 
resemble those of fixing bacteria namely, a source of 
reducing power and a source of energy. In cell-free 
extracts Haystead et al (1970) showed the need for ATP 
(energy), Na2S204- (reductant) and Mg++ to achieve vigorous 
acetylene reduction. The Mg++ can be substituted by Co++ 
I 
and Mn++, but not by Ca++ or Zn++ (Haystead and Stewart, 
1972). 
The optimum pH ranges between 7.Q and 7.5 which is a 
broad band, and the nitrogenase (enzyme) is an iron­
containing protein involving a possible valency change in 
the iron. 
It appears that' the reducing power required for 
nitrogen fixation is ferredoxin which has been reduced by 
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a photosynthetic electron transfer chain. Direct 
photoreduction of nitrogen can be achieved in vitro but 
this is probably replaced in vivo (where, under aerobic 
conditions, heterocysts with no photosystem II, are the 
only sites of fixation) by fixed carbon transferred from 
the vegetative cells. 
Cox and Fay (1969) showed a close correlation between 
pyruvate decarboxylation and nitrogen fixation and 
pyruvate may well be the source of dark-generated 
reducing power arriving at the nitrogenase via ferredoxin. 
The nitrogenase consists of two proteins, one 
containing molybdenum, iron and an acid-labile sulphur 
(Mo-Fe protein) and the other iron and labile sulphur (Fe 
protein) • 
Reduced ferredoxin is the immediate electron donor. 
Six electrons are required to reduce one molecule of N2 to 
two molecules of NH3, at least one, and probably two, 
moleCules of ATP being required for each electron 
transferred, an energetically very expensive process. 
therefore: 
+ l2ATP > 
l2ADP 

Regeneration of the reduced ferredoxin then occurs 
through the enzyme NADH-ferredoxin reductase : 
.. 
NADH +' Fd NAn Fd d ..ox re 
or by the pyruvate dehydrogenase system. 
Ferredoxin is apprOXimately 110 mV more 
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than NADH. This means that this electron 
transfer would be rather unusual amongst biological 
systems which normally transfer electrons along a pathway 
which becomesprogressive1y more- ?06itive. _ (except, 
of course, when ATP hydrolysis is involved in a coupled 
sys~em - e.g. Succinate reduction of NADH in mitochondria 
at the expense of ATP). There is of course no objection 
to such an oxidation-reduction but the NADH/NAD ratio 
would have to be high for this to be an efficient process. 
(N.B. The ADP is a reaction product and can inhibit 
nitrogenase if accumulated). The exact function of ATP 
is yet to be proved, but the binding of Mg - ATP to 
reduced Fe-protein may form a complex capable of trans­
ferring electrons to the oxidized form of the Mo-Fe 
protein which in turn transfers electrons to the N2 bound 
at the active site of the latter CEady and Postgate, 1974). 
A scheme has been produced (Brill, 1977) which 
represents an up to date knowledge of the major processes 
involved in the biochemistry of nitrogenase activity (Figl.l). 
No substances intermediate between nitrogen and 
ammonia have yet been observed, so that all intermediates 
probably remain bound to the nitrogenase. 
The energy requirements of nitrogenase are wholly met 
by ATP from photophosphorylation, oxidative phosphorylation 
and even from the degradation of stored polyphosphate. The 
main source of ATP, in the light, is from photosystem I 
being supplied by cyclic photophosphorylation. When fixing 
nitrogen heterotrophically, oxidative phosphorylation is 
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• • 
the most likely generator of ATP, and low dark respiratory 
rates in blue-green algae could well account for low rates 
of dark fixation. 
,.----- CAIWOH'(OI=lAT4 f~M PHorO\Yf(1H&~ ---__ 
EL.EC.TRotL·TRIlt'lsPOftT [ OlClOATIVIE NlCTA8oLI'iM 
6YSTEM 
A\"'P .-.of" 
.. . 
-e­
t.\OLl' BPErlUj\( 
COFAC.iOR. 
Component II = 1"e Pro tein 
Component I = Mo-Fe Protein 
Fi g. 1.1. 
Biochem1.stry of nitrogen fixation (after Brill, 1977) 
(ii) Assimilation of a:r.monia fror;] If; trop:~mase activity 
Ammonia appears to be the first product released from 
nitrogc~rse activity and results from the reduction of 
atmospher~~c nitrogen. Accumulation of this ammonia ',muld 
ir1hi bi t nitrogenase synthesis and heterocyst for:nation, 
and it is therefore beneficial for NH3 to be continually 
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removed in some way. Ammonia can be considered as the end-
product of fixation and steps beyond this are interpreted 
as assimilation. 
Evidence from a range of organisms and especially 
work carried out by Wilson and Burris (1953), indicates 
the main pathway of assimilation to be by the reductive 
amination of oxog1utaric acid to give glutamic acid : 
CO.COOH Nli2·CH.COOH 
I 2H" I 
CH2 + NH3 ~ CH2 + H2O, glutamic acid I 
CH2·COOH dehydrogenase CH2eCOOH 
The glutamic acid may then be transaminated to form 
any other amino acids necessary for protein synthesis. 
Recent findings by Lea and Miflin (1975), however 
suggest that the enzymes glutamine synthetase (EC.6.3.l.2) 
and glutamine (amide):2-oxoglutarate aminotransferase 
(GOGAT) (EC.2.6.l.53) act as alternative pathways to 
glutarate dehydrogenase for ammonia assimilation. This 
system has been shown to function in bacteria (Brown, 
Macdonald-Brown and Meers, 1973), including both symbiotic 
and free-living nitrogen fixers. Lea and Miflin have 
shown the presence of ferredoxin-dependant GOGAT in both 
Nostoc ellipsosporum and Anabaena cylindrica (grown and 
supplied by this author), and rates obtained in cell-free 
extracts are far in excess of those for glutamate 
dehydrogenase. 
Fig. 1.2 shows the scheme proposed by Lea and Miflin 
for nitrogen assimilation in blue-green algae. The over­
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Enzymes are (1) nitrogenase 
(2) glutamine synthetase 
(3) GO GAT 
(4) transaminase 
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all reaction is irreversible and can act and maintain low 
concentrations of ammonia. This would allow the 
repression of nitrogenase by ammonia to be avoided. 
F) ESTIMATION OF NITROGENASE ACTIVITY 
Introduction 
The various methods employed by the author for 
estimating nitrogen fixation are discussed in their right­
ful place, under 'materials and methods', but it is 
useful to discuss briefly at this point a few of the 
alternative methods which are available to modern 
researchers for the quantitative determination of fixation 
rates but which, for one reason or other, have proved 
impracticable for this project. 
(i) Increase in total nitrogen 
Early estimates of nitrogen fixation were based on 
increases in total N by the sample, detected as ammonia 
after Kjeldabl digestion. 
The sensitivity of this method is not good and hence 
for most systems, a long period of growth is required before 
detectable differences in nitrogen composition occur. It 
is also too insensitive for accurate determinations of 
nitrogen fluctuations within a system of high background N. 
This technique is therefore not ideal for short-term 
soil studies nor for analysis of small quantities of algal 
material. 
(ii) 	 15N techniQues 
15N is a stable, non-radioactive isotope and has 
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proved extremely useful for accurate determinations of 
nitrogen movement within a system. 
Burris, Eppling, Wahlin and Wilson (1942) developed 
a technique using 15N, which avoided many of the limit­
ations of the micro-kjeldahl method. Because of the 
measurement of 15N incorporation rather than absolute N 
content, this method is quite independent of the initial 
nitrogen composition of the sample. An enrichment of 
0.015 atom percent 15N is accepted as an indication of 
fixation. 
Stewart (1967a and 1967b) utilized the non-radioactive 
nature of 15N for field investigations, but this method 
has the disadvantage of being both (a) time-consuming and 
(b) costly, both for the isotope and the need for mass 
spectrometer facilities. 
Fiedler and Proksch (1972) and Lloyd-Jones, Hudd and 
Hill-Cottingham (1974) have developed a slightly less 
costly procedure involving the use of this isotope which 
overcomes the need for mass spectrometry. l5N emission 
spectrometry can utilize kjeldabl digestion samples and 
convert them for spectroscopic analysis. Nitrogen is 
excited in a discharge tube by high frequency oscillations 
and the various proportions of N isotopes analysed 
spectroscopically. 
The total amount of nitrogen necessary for easy 
determinations of 14N : 15N ratio is only lO~g. which 
corresponds to a total weight of plant material of less 
than 1 mg. and at this level the question of homogeneity 
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is critical. In order to overcome the problems of 
obtaining homogeneous samples, sufficient material has to 
be taken for digestion, and both the kjeldahl digestion 
(followed by the Rittenberg conversion to ammonia) and 
the dry Dumas combustion method are equally satisfactory. 
(iii) 13N tracer technigue 
Nicholas, Silvester and Fowler (1961) have made use 
of 13N as a tracer in their determination of nitrogen 
fixation. 13N, unlike 15N, is radioactive but possesses 
a- very short half-life (10.05 mins.). The isotope can be 
produced in a cyclotron and freed of ammonia and oxides of 
nitrogen prior to incubation with whole cells or cell-free 
extracts. 
This method was thought to be to 15N techni~ues what 
15N was to micro-Kjeldahl analyses, being as much as 100 
times more sensitive than methods using the more stable 
.15N 	 isotope. However, other than Campbell (1967), very 
little use has been made of this technique due to the high 
cost of equipment, for producing the isotope, and its 
short half-life. 
(iv) Acetllene-reduction techniques 
Blue-green algae fix atmospheric nitrogen via a 
system involving the enzyme nitrogenase. One molecule of 
atmospheric N2 is reduced to two molecules of ammonia with 
the transfer of six electrons. Nitrogenase however is 
very unspecific and can reduce a range of substrates in 
addition to atmospheric N2 6 Acetylene is an example of an 
alternative substrate and is reduced to ethylene. 
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Sch~llhorn and Burris (1966) and Dilworth (1966) 
using acetylene as an alternative substrate, showed 
nitrogenase activity could produce ethylene and comparing 
this reaction with that of nitrogen fixation, a theoretical 
relationship can be calculated for ethylene and ammonia 
production. It can generally be assumed that reduction 
of acetylene to ethylene should occur three times as fast 
as the reduction of N2 to NH3 and hence the molar ratio 
of ethylene: ammonia is equal to 1.5. 
+ 6H+-----------~) 2NH3 
whereas 
2HT___________~ C H ~ 2 4 
However Stewart, Fitzgerald and Burris (1968), using l5N 
techniques, calculated a value for three species of blue­
green algae and found them to be : Nostoc muscorum 1.8, 
Anabaena cv1indrica 1.4, and A. Flos aquae 1.6 
It should be noted however that direct comparisons of 
acetylene reduction with nitrogen fixation are unreal 
because of the requirement for carbon skeletons, reductant 
and ATP in the fixation of atmospheric N2 which is not 
quite comparable with the requirements of acetylene 
reduction, the latter being possible in the absence of 
carbon skeletons. 
Prior to the use of acetylene reduction, nitrogenase 
activity was determined by the more complex, and certainly 
more costly, l5N enrichment and assayed by mass spect­
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rometry. The use of acetylene reduction as a means of 
estimating nitrogenase activity has therefore opened up 
wide areas of research. 
Acetylene acts as an alternative substrate for the 
nitrogenase and therefore one hacs to consider its potential 
competition with N2 for the active sites on the enzyme. 
Sch~llhorn and Burris (1967) noticed this competition and 
Hardy, Holsten, Jackson and Burns (1968) showed that 
failure to replace air (N2) with Ar : 02 results in a 10% ­
20% decrease in acetylene reduction. 
The competitive nature of acetylene with nitrogen for 
nitrogenase has led to the majority of laboratory and 
field assays being performed under artificial atmospheres 
of Ar:02:C02 with the complete absence of nitrogen 
(gaseous). In situ studies such as those of Hardy et al 
(1968), Henriksson (1971), Stewart et a1 (1967 and 1968) 
and Waugbman (1971) were all based on incubation of samples 
in small serum bottles under artificial N-free atmospheres. 
Stewart et al (1967) suggested 18 samples coUld be 
prepared, gassed and replaced in situ for incubation 
within 30 minutes of sampling the material. 
However for large-scale studies of surface algae, 
Balandreau and Dommergues, (1973) and Witty, Keay,-Froggat 
and Dart (in publication), developed a means of actually 
estimating acetylene reduction without removing any 
samples from the soil. This speeds up sampling, avoids 
any disruption of algal populations and allows more 
accurate estimates for an area where the surface populations 
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are of a discontinuous nature. However this method did 
not make adequate corrections for N2 competition and is 
discussed fUrther in section five. 
G) BLUE-GREEN ALGAE ON TEMPERATE SOILS 
Blue-green algae colonize a vast range of soil types 
and depending on species, can tolerate a variety of 
climates. So far however, research has led to very little 
knowledge of the actual contribution and economic 
importance of the cyanophyceae on temperate agricultural 
soils. Stokes (1940) suggested blue-green algae to be of 
very minor importance to soil nitrogen reserves and Beck 
(1968), supported these suggestions by stating that 
drought of soil surfaces prevents growth and nitrogen 
fixation of blue-greens. 
Other workers such as Stewart (196'}a) and Henriksson 
(1971) have detected fairly substantial rates of nitrogen 
fixation from temperate soils. 
The food requirements of the world have come to 
depend very largely on the use of industrially produced 
fertilizers for optimum crop yields. These optimum yields 
can only be reached by increasing the nitrogen status of 
the soil to a far higher level than is found naturally. 
Chapman, Liebig and Rayner (1949) stated I1Greatest nitrogen 
economy will be achieved where available nitrogen is 
maintained at the lowest point consis tent with satisfactory 
crop yields. In this way, leaching losses will be at a 
minimum, gaseous losses will be reduced, and the opportunity 
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for non-symbiotic and symbiotic fixation will be greatest". 
Broadbalk field at Rothamsted has plots which have 
not received any nitrogen additions since 1849 and records 
indicate an annual input of nitrogen of approximately 
50 kg. N/ha (from rainfall, bird droppings, dry sorption 
of ammonia and biological N-fixation LJenkinson, 1971 and 
Witty, 1~74/). The nitrogen input allows a constant crop 
yield to be obtained, but is far below the value retrieved 
from similar plots receiving regular applications of 
nitrogen fertilizers. 
Broadbalk appears to have a good colonization of 
surface blue-green algae on the no-nitrogen plots and yet 
has a relatively low nitrogen status. This therefore 
suggests that biological fixation in natural situations 
on temperate soils could not support crop yields that are 
now required for the world's food. 
It therefore appears that if the cyanophyceae are to 
be of economic importance to temperate climates, they must 
be either improved genetically to increase their fixing 
ability or given improved enVironmental conditions by 
supplying them with the opi'imum requirements for' 
nitrogenase activity and growth. In this way it may be 
possible to achieve better colonization of many 
agricultural systems. 
H) AIMS OF THIS RESEARCH INVESTIGATION 
A further three years research project was begun as 
a continuation of the studies carried out by Witty at 
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Luton College of Technology, from 1970 to 1973, into algal 
nitrogen fixation on the soils of Rothamsted. The 
nitrogen fixing ability of many cyanophyceae has been 
known for nearly a century (Frank, 1889), but the actual 
potential, offered by biological systems, for nitrogen 
input into soils is far from established. 
One obvious fact emerging from field studies and from 
the study of cultures grown on solid surfaces in the 
laboratory is that blue-green algae behave very differently 
. in their natural state than in liquid culture. 
The large-scale field studies carried out by Witty 
gave no conclusive proof of the potential of the algae as 
biological nitrogen fixers in an agricultural situation, 
but did show that inocula of certain species of blue-green 
algae, such as Nostoc ellipsosporum, N. punctiforme and 
Anabaena cylindrica, onto temperate soils, will establish 
quite successfully and fix nitrogen in substantial amounts 
provided the environmental conditions are suitable. 
The aims of this investigation were to examine further 
the inferences of Witty, using smaller-scale lysimeter 
studies, to elucidate the efficiency of some indigenous 
species and to investigate improved release of N from such 
cells. 
The lysimeters should provide data on the overall N 
balance under a given set of treatments so that both the 
input and output could be measured and comparisons made 
between treatments. 
Laboratory stUdies would then be performed to obtain 
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quantitative values of algal fixation on solid surfaces 
and to relate the potential fixation with the actual 
nitrogen release by cells to their environment. It was 
proposed to examine the spatial interrelationships within 
a population, as there appeared to be some degree of 
interdependence amongst neighbouring filaments and 
possibly between algae and bacteria of a given community. 
Blue-green algae possess great potential as nitrogen 
fixers, but individuals may only be concerned with their 
own nitrogen requirements for growth, and only release 
nitrogenous components to their environment when the cells 
die. This being the case, it is unlikely that any apprec­
iable amounts of N are released continuously (as appears 
the case for liquid culture), but seasonal dumping due to 
lysis of filaments by drought and freezing is possible. 
However algae growing close to crops may be kept in 
a'low nitrogen environment by continuous N uptake by crop 
roots; the algae would then be continually fixing at high 
rates, and some nitrogen release may occur from the algal 
cells. 
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SECTION 2 

MATERIALS AND METHODS 
A) ALGAL CULTURES 
Pure cultures were obtained from the "Cambridge 
culture collection of algae and protozoa of both Nostoc 
,ellipsosporum (1453/1) and Anabaena cylindrica (1403/2a), 
and were maintained on agar slopes until required. The 
slopes were regularly sub-cultured and grown in either 
liquid cultures or on solid surfaces. 
(i) Liquid cultures 
The liquid cultures were maintained largely for 
laboratory studies and therefore in relatively small 
volumes (5-101.) but greater quantities were produced for 
field inoculations. The liquid cultures were simply grown 
in a bubble culture arrangement using the nitrogen-free 
medium described by Allen and Arnon (1955). 
(a) Cuture vessels were simply a bank of 7 litre 
glass cylinders with two-way taps fitted at the base to 
allow the cultures to be bubbled with air. The system 
could then be illuminated from the side using fluorescent 
striplighting to give an intensity of 3000 Lux. 
This system proved an efficient producer of liquid 
cultures with a capacity of at least 5 litres per column 
per week before requiring dilution. (The growth rate of 
axenic cultures is somewhat slower) see Fig. 2.1. 
(b) Initial culture procedure required small volumes 
of medium to be inoculated with algae in 100 ml. flasks 
and shaken in an illuminated, orbital shaker for 
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approximately one week, until the culture was of 
sufficient density to permit dilution. 
The medium was then transferred to a slightly larger 
flask and aerated continually from an air pump. The 
culture was kept axenic at all times by ensuring a complete 
seal with cotton wool, and by filtering the air through a 
millipore filter. 
The final stage involved careful transfer of the 
medium (after a fairly dense culture had again developed) 
to an autoclaved column. The column was kept aerated from 
below to ensure ade~uate supplies of some C02 and nitrogen, 
stop clumping and keep the cells in suspension. 
(c) Axenic cultures appear to show different growth 
characteristics from cultures allowed free access to 
aerial contamination. Not only is growth slower in axenic 
cultures, but appears to favour clumping of the filaments 
to form floating, mucilaginous balls. The structure of 
these balls and the reason for this growth habit is 
discussed under section 3. 
(ii) Agar slopes 
Stock cultures were maintained on agar slopes in 
universal bottles, the slopes being prepared from Oxoid 
No.1 agar (1.2% w/v) with Allen and Arnon nitrogen-free 
medium (1955). 
The bottles were kept illuminated at)OOO Lux in 
growth cabinets at room temperature. Bottle caps were 
replaced after slope ~noculation and tightened, but were 
regularly loosened (every week) to allow replenishement of 
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• Sub-culturing was carried out when a healthy 
tion had been produced in order keep the 
a of active growth. 
Fi~.bl 
~ture Vessels.for 
th~ CQ..nt;LD-uous 
Growth of' Algae 
(iii) Soil surface cultgre~ 
Much of the research by the author was a continuation 
of work completed by Witty in 1974 (Ph.D. thesis) and his 
use of solid surfaces for growing algal material 'lias four:rl 
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to be extremely important when relating laboratory studies 
to those of field trials. 
Soil trays were prepared after first sieving the soil 
through a 2mm. mesh and then making a slurry with N-free 
culture medium. Because of the high pH of the soil used, 
it was unnecessary to add the CaC03, that Witty found 
beneficial to algal establishment, since the soil was a 
sample removed from the lysimeters and was sufficiently 
alkaline (see section 8). 
After ensuring a moist, smooth surface, the liquid 
culture was sprayed evenly over the tray using a household 
laundry spray, which proved very successful in giving even 
development over the entire surface of the trays. The 
trays were then covered with a sheet of glass (to prevent 
desiccation), and placed in illuminated growth cabinets. 
Only unsterilized soil can be used, for the reasons 
mentioned by Witty, but, in any case, for most studies, the 
presence of soil micro-organisms yields results more 
closely resembling field conditions. 
(N.B. These trays were used after a good cover had 
developed; if left too long however, they frequently 
appeared to become infected and large plaques (possibly 
bacterial - Fogg, Stewart, Fay and Walsby, 1973) formed and 
destroyed large areas of the blue-green algal crust). 
(iv) Sand cultures 
Blue-green algae will grow quite readily on the 
surface of acid-washed sand, provided they are kept moist 
and supplied with their essential nutrients. A system was 
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therefore developed which could support a small algal 
crust on a bed of acid-I-Tashed sand. The algae would 
continue to grow actively and could be subjected to a 
variety of treatments. 
The system consisted of a series of glass, Quickfit, 
chromatography columns of 2 cm. internal diameter (100 ml. 
capacity) and fitted with a glass sinter at the base. 
Acid-washed sand was placed on the sinter and algae 
inoculated, as liquid culture, onto the surface of the 
sand. (see Fig. 2.2) 
Each individual column formed a closed environment, 
connected to a short length of silicone rubber tubing for 
circulatj.ng the media over the algal crust.. The columns 
were illuminated from the side by a bank of four 
fluorescent tubes to give a light intensity of30D Lux. 
Eight columns formed the entire system and the media 
was circulated by an air-lift device driven by hypodermic 
needles inserted into the silicone tubing and supplied with 
air from an electric tair-flow' pump. (see Fig. 2.3) 
25 ml. of algal culture was introduced through the 
top of the column and the media allowed to drain off 
through the sand bed. All eight columns received replicate 
quantities of algal material by pipetting ident~ volumes 
of homogeneous culture - the culture being preliminarily 
filtered through small glass balls confined within a 
separation funnel (after Day and Hopkins, 19b7). 
Fresh media could be supplied at any time with know~ 
levels of nitrogen or any other nutrient under 
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investigation. 10 mI. volumes of m,edia were found best 
for circulation, with only a few drops circulating over 
the algae at anyone time. The algal crust was kept moist 
by air-lift, but the surface was never long under 
liquid" In this way the system resembled soil cultures 
more than liquido 
These columns could also be easily assa.yed for 
acetylene-reduction activity and the modified system is 
described in section 2B (see Fig. 2e~). 
Fig.. 2.3 
Circulation columns for algal growth experiments 
B. 	 DETERMINATION OF NITROGENASE ACTIVITY 
Introduction, 
Various methods exist for the estimation of 
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nitrogenase activity and a general review of these has 
already been given in the previous section of this thesis 
(see section 1). 
Due to cost and availability of equipment, only two 
of these techniques have been in general use and details 
of these are given : 
(i) Measurement of increases in total nitrogen 
This is usually carried out by Kjeldahl digestion, 
and is of most use for large increases of N compared with 
the background. The accuracy prevents application to 
systems with high initial background levels. 
The digestion of material follows a similar procedure 
for most samples, but the quantity of sample required will 
depend on a rough estimate of N content to give a final 
digest analysis of approximately 1 - 2% N. Analysis of 
the final digest solution can be made in a variety of ways. 
(a) Digest procedure (e.g. crop material after 
harvest) Sample material is air dried, milled to a fine 
powder, thoroughly mixed and redried. These air-dry 
samples can then be stored in a desi~cator over dry 
calcium chloride until required for digestion. 
For plant material, a 700 mg. sample is digested in 
a 300 ml. Kjeldahl flask by 30 ml. concentrated sulphuric 
acid. Two catalyst tablets (lIKjeltab CIt from Thompson and 
Capper Ltd. Liverpool, containing 5.00 g. K2S04 and 0.1 g. 
CuS04-5H20) are added to the digest solution and the flasks 
heated for 30 min. after the solutions have cleared. 
Digestion of plant material usually takes approximately 
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three hours to completion and then the flasks are removed 
from the racks and allowed to cool. 
The flask contents are then made up to 300 ml. 
volume with distilled water and if the resulting solution 
appears cloudy, usually from undigested silica, filtering 
is necessary prior to analysis.
, 
N.B. If analysis is inconvenient at the time of digestiQn, 
the acid samples can be stored for considerable periods 
especially in a cold room. 
(b) Methods of analysis Traditionally, Kjeldahl 
digests were steam distilled in a tMarkham Still' after 
the addition of alkali to release ammonia. Ammonia 
dissolved in the steam is collected beneath a condenser and 
titrated against acid using borax and methyl red indicator. 
Markham distillation is a fairly rapid procedure in 
experienced hands, but requires subsequent calculations 
which compares less favourably as a routine technique 
with certain other methods. 
Kjeldahl digestion converts all organic nitrogen 
together with any free ammonium nitrogen to ammonium 
sulphate and the ammonia has to be released for most 
analyses. A much simpler method for the analysis of 
ammonia is by the use of a specific ion electrode such as 
·that produeed by Electronic Instruments Ltd., Richmond, 
Surrey, England (E.I.L.). 
The E.I.L. Ammonia probe relies on a pH change across 
the membrane due to diffusion of ammonia and gives a 
direct comparison with prepared standard solution. Any 
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ammonia uresent in solution, is re~eased by the addition 
of alkali so that the final pH of the solution is above 
12, and ammonia measurements are made on a normal laborabFy 
pH meter. Standard curves from 0.1 - 100.0 mg./l give 
straight line correlations and a limit of detection of 
0.1 mg./l ammonia. 
One disadvantage of this method is the need for large 
quantities of alkali for the neutralization of digest 
solutions and hence a dilution of ammonia often below the 
limit of detection for the probe. It is of special use 
for leachate samples which require very little neutraliz­
ation. Large numbers of samples can be measured in a very 
short time and results compared directly with the standard 
curve. 
Berthelot as early as 1859 realized that ammonia can 
be detected by colorimetric means using an:, Indophenol 
reaction. Scheiner (1976) had modified this technique and 
relies on the spectrometric analysis of the resulting 
solution from the reaction between ammonia, phenol and 
alkaline hypochlorite. The modifications by Scheiner have 
served to improve reliability and reproducibility. 
Colorimetric techniques can be time consuming but, 
with the advent of autoanalysers, can now be performed with 
I 
far greater ease. This Indophenol method was found to be 
easily adapted for the Pye Unicam AC 60 aut?analyser and 
measured automatically on a S.P. 600 spectrophotometer with 
connection to a recorder. 
The calibration curve is stable over the range 0.2 ­
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1.5 mg./l with 120 samples capable of analysis every hour. 
(It is important to check on a few random samples in 
every batch because this method is critically dependent on 
the final pH of samples being 11.5 - 11.7. Provided that 
the original sample is near to neutral, the presence of a 
buffer in the hypochlorite reagent ensures pH stability.) 
(ii) Use Qf qcetylene teduction techniQues 
This project has required routine estimation of 
nitrogen fixation both in the laboratory and in the field 
and therefore a simple, routine procedure was necessary 
for both situations. 
(a) ~aboratory measurements Algal cultures were 
grown in the laboratory, either in liquid or on solid 
surfaces, and therefore it was convenient to be able to 
assay nitrogen fixation for both media. 
Liquid cultures were easily assayed by removing 
sample~and removing aliquots for incubation in medical 
flats stoppered with suba seals (W. Freeman & Co. Ltd, 
Staincross, Barnsley, England.). Replicate aliquots were 
taken from a homogeneous batch of culture which had been 
filtered through glass balls of 2.5 - 3-5 mm. diameter 
(Day and Hopkins 1967) and so equal volumes were closely 
similar with respect to algal cell numbers. 
The medical flats were either completely evacuated 
and the atmosphere replaced by an artificial one of 
Ar : 02 : CO2 (79%: 20.967b : 0.04%), or simply incubated 
in air. A volume of' 'air' was then removed using a syringe 
and the equivalent of' acetylene was replaced. If 
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incubation was performed in normal atmospheres containing 
nitrogen, it was necessary to have at least 10% acetylene 
(v/v) in order to overcome the competitive inhibition of 
acetylene reduction by nitrogen. (see section 5) 
Medical flats with the liquid culture can then be kept 
under the selected conditions for a suitable period for 
'fixation' before removing 0.5 ml. syringe samples via the 
suba seals and analysing for ethylene by gas chromato­
graphy. (incubation in a water bath is possible for this 
system as the bottles are watertight) 
This method of assaying acetylene reduction as an 
equivalent of nitrogen fixation can also be employed for 
solid surface cultures. Core samples can be removed from 
a continuous algal crust using a cork borer and placed 
carefully in a medical flat placed on its side. Several 
replicate cores can be placed in each bottle and replicate 
bottles taken for each treatment. This method has been 
used for field assays of soil algae (Stewart, et aI, 1967, 
1968, Henriksson 1971, Waugbman 1971). but gives far more 
reproducible results under laboratory controlled conditions. 
Algal crusts grown in the circulation columns 
described in section 2.A were not easy to remove for 
acetylene reduction assay and therefore a method was 
required which would allow in situ assessment. 
The circulation columns could be disconnected from the 
air-lift and all surface media drained from the algal crust 
to allow complete contact with any introduced acetylene. 
Slight alterations were made to the columns to convert 
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them from circulation columns. to sealed cylinders so that 
one could ensure a stable gas mixture after the acetylene 
had been introduced. It was difficult however to 
completely replace the atmosphere with an artificial 
Ar : 02 : C02 mixture and thus acetylene reduction was 
assayed by removal of 10% air and replacement with an 
equal volume of acetylene taken from a football bladder. 
Samples were removed at various time intervals and ethylene 
measured by gas chromatography. 
By the above means, algal crusts could be grown under 
laboratory conditions and assayed for nitrogen fixation 
at regular intervals whilst leaving the crust undisturbed. 
Fixation rates could also be related to the nitrogen 
composition of the circulating media. 
It appears that repeated acetylene incubations have 
no adverse e.ffects on the metabolism of the algal cells and 
hence the SaDe column can be assayed several times. In 
general each column ws only assayed for a single hour in 
any one day, so that tor estimates over a shorter time 
sequence a succession of columns were placed under acety­
lene at hourly intervals with two replicate columns being 
taken for anyone time. By this method, replication at 
each instant was essential to overcome variation due to 
any di fferences in gro'llth ra s between colu;''llns. In 
general there was very e t10n 1n acetylene 
reduction between l"eplicatecolumns .. 
The modi f1 columns tor acetylene reduQ tion assess­
ment are shown below 1- (F1, 2.~) 
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(b) In situ field assay technique (after Witty) 
Because of the need for large numbers of samples when 
running any estimates of field nitrogen fixation by 
surface algae, it proves inconvenient, time consuming and 
disruptive to soil populations to actually remove cores 
from the soil and incubate them in small serum bottles. 
For these reasons it was decided to employ the method 
developed at Luton College of Higher Education and 
described by J. F. Witty in his Ph.D thesis (1974). 
After the wheat crop had germinated and before an 
extensive root system had developed, a number of 6" 
diameter, steel cylinders were driven into the ground, 
leaving approximately til above the soil surface. The 
cylinders were all driven in between the crop rows and 
seven were installed for each lysimeter treatment area of 
0.000375 Ha. 
At the time of acetylene reduction assay, perspex 
lids are sealed onto the surface of the cylinder using a 
metal casement putty ('Arboseal'), thus creating an 
incubation chamber over the soil which can be used for the 
period of assay and then uncovered until the next estimate. 
Acetylene was injected through the suba seal in the 
lid and allowed to diffuse into the soil. It was noticed 
by Witty that after the initial diffusion of gas into the 
soil air-spaces, the concentration of acetylene in the 
chamber atmosphere stabilized, unless there was leakage 
from around the lid seal. 
0.5 ml. samples of gas were then removed from the 
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chamber using plastic syringes at 30 minute and 60 minute 
intervals and stored by stabbing the needles into rubber 
blocks. Nitrogen fixation was then measured by comparing 
the ethylene production over the second 30 minute period. 
Samples were analysed using a Pye-Unicam 104 gas 
chromatograph fitted with a H-flame ionization detector, 
a 2 m. glass column packed with 80 - 100 mesh poropak N, 
oven temperature of 900 C and nitrogen carrier gas flow 
rate of approx. 30 ml./min. 
Acetylene acts as a suitable internal standard for 
most purposes as only relatively small proportions are 
ever reduced to ethylene. Any large losses of acetylene 
from around the lid can be spotted from comparison of gas 
chromatogram peaks and ethylene values for that chamber 
can be calculated by a factor based on the largest acety­
lene peak for that treatment area. It may be of interest 
to note that methane (CH4) is present as an impurity in 
the acetylene supplied by B.O.C. and can be used by the 
blue-green algae under low pC02 as an alternative carbon 
source. 
Estimates of nitrogen fixation were obtained by this 
method over the 1971/72 and 1972/73 seasons on Broadbalk 
field at Rothamsted Experimental Station, Harpenden, Herts. 
(Froggatt, Keay, Witty, Dart and Day, 1972) and has since 
become a very useful, routine technique for assessing 
nitrogen fixation by surface populations in the field 
situation. 
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C) DETEm1INATION OF SOLUBLE NITROGEN 
Introduction 
As the lysimeters were set up to observe any possible 
improvement of soil trogen levels by surface nitrogen 
fixing organisms and compare these levels with those 
created by application of fertilizers, it was necessary to 
determine periodically the levels of various forms of 
nitrogen in the soil. Nitrate tends to be relatively 
soluble in water and therefore can be easily removed by 
the passage of rainwater through the soil, whereas ammonia 
is readily exchangeable for other cations and is less 
easily removed by leaching. 
Belsi'des nitrate and ammonia, gen can be 
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Ilocked up' in the soil as organic nitrogen which will only 
become available to plants or lost in appreciable quantities 
if transformed by bacterial activity_ 
It was therefore essential to establish the soil 
status at the onset of the experimental programme and 
follow where possible any changes in the three main forms 
of soil nitrogen namely, nitrate, ammonia and organic 
nitrogen. 
(i) Nitrate 
Any nitrogen in the form of soluble nitrate was 
measured directly using a specific ion electrode. Both 
leachate samples from the field and water soluble nitrate 
from soil cores were measured in this way, the samples 
being compared directly with standards of known N03­
concentration. The electrode used was an 'Orion Research 
Incorporation Nitrate Ionanalyzer' and required the 
accompaniment of a calomel reference electrode from a 
laboratory pH meter. 
Water samples required no additional treatment and ten 
millilitres was adequate for any single analysis. Measure­
ments were made from the mV. scale of a standard E.l.L. 
Vibret pH meter. 
N03- standards were prepared from a stock solution of 
Molar sodium or potassium nitrate to give a straight line 
correlation for the range 10-1 M to 10-4 M and hence a 
limit of detection of 1.4 mg./l. N. 
(ii) 	 Ammonia 
Soluble ammonia in soil is usually present 'in very 
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small amounts except possibly immediately after fertilizer 
application. 
Leachate samples were regularly analysed for ammonia 
using the specific ion electrode (E.I.L. Ammonia Probe). 
The electrode relies on diffusion of ammonia across a 
membrane and therefore samples require pretreatment with 
alkali to ensure complete release of any dissolved ammonia. 
Comparisons are made with standards of known ammonium 
chloride and by using standards of the same volume as the 
samples and by ensuring identical additions of alkali to 
both standards and samples, no correction need be made for 
dilution by the alkali addition. 
Samples are read from a laboratory pH meter and no 
reference electrode is necessary as the Ammonia probe used 
carried wi thin it, its own reference. 
A straight line correlation exists for standards of 
0.1 - 100.0 mg./I.NH3 and hence a limit of detection of 
0.1 mg. ammonia per litre of sample. 
N.B. for most leachate analyses ammonia remained below 
the level of detection by the method described above. 
(iii) Organic Nitrogen 
Very small amounts of organic matter may be washed out 
of the soil as colloidal particl,e.s and the nitrogen present 
estimated by ammonia analysis following a Kjeldabl 
digestion. In practice levels of organic matter were 
negligible in all leachate samples. 
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D) ESTIMATION OF EXCHANGEABLE FORMS OF NITROGEN 
Introduction 
In an attempt to relate all forms of nitrogen avail­
able to crops and any possible increases or losses which 
cannot be seen from analysis of leachate samples, it 
becomes necessary to make estimates of bound nitrogen which 
may be released to plant roots via a chain of bacterial 
conversions. 
Analysis of leachate does give values for soluble ions 
but a vast proportion of soil nitrogen, at some instance, 
is present in either a temporary or permanently bound 
form. Ammonia for example is very readily exchanged by 
clay particles for other cations and often proves quite 
difficult to remove. 
To complete the 'picture' therefore, an estimate can 
be made of exchangeable N provided that when results are 
quoted they are accompanied by an indication of the 
exchanged material used. Different exchange materials may 
often give different values for the cation they are 
exchanging. 
(i) Nitrate 
N03- - N can be removed from soil samples by exchange 
with potassium chloride, but for the purposes of this 
project did not prove of general use. The method for 
analysis of the nitrate ion has already been described, 
namely via the use of a specific ion electrode; however 
for the electrode employed, Cl- ions prove a serious 
interference. 
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The normal procedure for estimating levels of nitrate 
N in soil samples was therefore found to be simply by 
• 
washing"the soil with distilled water. 
20 gm. soil was shaken for 30 minutes with 50 ml. 
distilled water, filtered and the filtrate analysed by 
comparison with nitrate standards using ~he specific ion 
electrode as described in section 2C. 
(ii) Ammonia 
Ammonia proves far less easy to remove from the soil 
by simply extracting with distilled water because of the 
bonding with clay particles. It is therefore necessary to 
employ an extractant which can release the ammonium ions 
from their sites within the clay interlayers. 
Potassium chloride was used as a suitable extractant 
and does not interfere with subsequent ammonia analyses. 
20 gm. sieved, air-dry soil was extracted with 50 ml. 
2M KCL (acidified to pH 2 with Hel) by shaking for 30 
minutes on an orbital shaker. The resulting slurry was 
then filtered, made alkaline with sodium hydroxide and the 
ammonia determined by specific ion electrode. Cl- ions do 
not interfere with this electrode. The membrane is 
hydrophobic and proves unaffected by other ions in solutfun. 
"(iii) Soil organic matter 
Air-dry samples of soil removed from the various 
lysimeter treatments were occasionally analysed for total 
organic + Ammonia N by Kjeldahl digestion followed by 
analysis for ammonia. 
Digestion procedure is as described in section 2B(i)(~ 
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but allowances must be made when adding acid for possible 
violent effervescence if the soil carbonate level is high. 
The presence of carbonate also neutralizes a proportion of 
the acid and therefore the ratio of acid to samples has to 
be decided from a few preliminary trials for any change of 
soil type. 
Wi th diges tion of plant material, the flasks are left 
on heating racks for approximately 30 minutes after the 
solution has cleared. Ammonia analyses can then be 
performed after an initial filtration and neutralization 
step. 
E) ESTIMATION OF SOLUBLE CATIONS FROM SOIL LEACHATE 
SAMPLES 
It has now become a fairly simple, routine procedure 
to analyse soil leachate for a variety of cations e.g. 
calcium, magnesium, potassium and sodium. The second pair 
of these can be fairly accurately measured by flame 
emmission techniques such as the use of an E.I.L. flame 
photometer. Calcium and magnesium can also be analysed by 
flame photometry, but these two cations are better suited 
to atomic absorption than flame emmission. 
Atomic absorption relies on absorption of light, by 
atoms of the cation under test, from a beam of light 
emitted from a hollow cathode lamp. The lamp emits at a 
particular wave-length and as sample is sprayed through a 
flame, a toms are produced which will absorb a portion of 
the emitted light. 
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Samples and standards can be compared by this method 
to give an accurate and speedy method for analysis of many 
cations unsuited to flame emission and colorimetric 
te~hniques • 
However there are some disadvantages with this method, 
chiefly interference effects. Calcium and magnesium were 
regularly analysed by atomic absorption, but in the 
presence of iron, phosphate and especially aluminium there 
were large interferences experienced owing to the formation 
of refractory compounds similar to those occuring in flame 
emission. The additions of 'releasing agents' e.g. 
strontium or lanthanum salts was a great aid in enhancing 
sensitivity for most analyses of these two cations. 
(N.B. small additions of acid proved useful in preventing 
blockages of the nebulizer by keeping salts in solution). 
The atomic absorption instrument used was an E.E.L. 
104 model which did not possess nitrous oxide facilities 
and was therefore of less use for trace element analyses. 
When necessary these were determined by colorime.tric 
methods. 
F) ESTIMATION OF MOST PROBABLE NUMBERS OF DENITRIFIERS 
IN TEE SOIL PROFILES FROM THE LYSIMETERS 
Because of the high values for unaccountable nitrogen 
loss from lysimeter treatments during the period of field 
trials, (see section 8), it was assumed that most of the 
loss could be accounted for by denitrification. Methods 
of determining denitrification are difficult and expensive 
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and proved impracticable for this project, but estimates 
based on most probable number counts for the organisms 
concerned gave some clue as to the relative amounts of N 
lost from the different soil profiles. 
The construction of lysimeters (see section 8) was 
such that the soil within the confines of the lysimeters 
possessed a homogeneity unlike soil in the true field 
situations. The proportions of denitrification were there­
fore liable to differ from those in the field profiles of 
comparable depths. 
The background N of the soil used was also high and 
provided a large pool of nitrogen reserves so that under 
anaerobic conditions, plentiful in the winters of 1975 and 
1976, any organisms present could produce large losses of 
nitrogen in the form of gaseous NH3, gase~us nitrogen, 
oxides of nitrogen or as nitrite, depending on the organUms 
present. 
The technique adopted for the most probable number 
counts was that of Alexander (1965) based on Giltay medium 
(see a~pendix II) and comparing the different profiles by 
random sampling of the treatments. 
(i) Sampling procedure 
Samples were taken at random over the treatment area 
and all samples from the same treatment and the same 
profile were bulked together prior to 'counting'. 
Only a total of 20 g. of fresh soil was needed for any 
single profile and therefore very small cores were adequate 
and very little damage to the soil crust resulted. 
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(ii) Counting procedure 
The estimated numbers of organisms was based on 
denitrification products causing a rise in pH of the media 
(containing bromothymol indicator) over a period of seven 
days and a comparison of effects between a range of 
dilutions of soil extracts. 
(a) The soil extraction was made from 10 g. fresh 
soil in 95 ml. sterile distilled water, being shaken on an 
orbital shaker for 30. minutes. 
(b) 10 g. fresh soil was dry weighted to find actual 
weight of sample used. 
(c) After preparation of the soil extract, 10 ml. 
was removed as?eptically and transferred to 90 ml. sterile 
distilled water, to prepare an initial 10-1 dilution. 
(d) 1 ml. from each of the serial dilutions was 
transferred to an inoculation tube containing 10 ml. 
autoclaved medium/indicator and left in an incubator, in 
the dark at 28°c for seven days. (Five replicates were 
taken for each dilution of each profile). 
(e) Comparisons were made, at the end of the seven 
days, of the tubes in each batch of five for any signs of 
denitrification. A positive reaction is indicated by 
colour change of the indicator and gassing round the top 
of the solution. Any single tube was recorded as positive 
or negative with regards denitrification - the test is 
estimated from the ratio of positive to negative tubes so 
that no notice is taken of colour gradation wi thin a group 
of replicates. 
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Results of all sets of tubes for each dilution and 

each profile were then compared with tables to obtain a 
relationship between profile depths for all treatments 
sampled. 
(N.B. for a complete sampling of eight treatments, three 
profiles were tested, and hence 720 (8 x 3 x 6 x 5) 
inoculation tubes were required). 
Results obtained after seven days incubation were 
expressed as the number of tubes showing denitrification 
from a possible five replicates for each dilution. These 
results were then correlated with tables cited by Cochran 
(1950) to gain actual numbers of organisms for each profile. 
By reference to Cochran (1950), these numbers can be 
calculated to within a 95% confidence limit. 
(N.B. any results calculated for such a limited number of 
replicates and for such a wide band of dilutions, will give 
a MPN value with a very broad probability spread.) 
The following controls were set up and remained 
negative for the seven days of incubation :­
Exposure to aerial contamination for 30 mins. 
Inoculation with 1 mI. sterile d~stilled water 
Dilution series prepared from autoclaved soil 
Indicator/media autoclaved and not exposed to 
contamination of any kind 
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SECTION 3 
VARIATION IN GROWTH FORM DURING CULTURE 
A) INTRODUCTION 
Many blue-green algae can, under certain conditions, 
cause extensive blooms in freshwater lakes and rivers. 
However laboratory cultivation can often prove difficult, 
with the mineral composition of the growth medium being 
critical. 
Many workers have grown a variety of Cyanophyceae in 
a whole range of media for nitrogen fixation stUdies (Chu 
1942, Bunt 1942, Gerloff, Fitzgerald & Skoog 1949 and 
Allen & Arnon 1955), of which the nitrogen-free medium of 
Allen and Arnon proved most successful for the requirements 
of this author. 
As described in section 2A, algal cultures were grown 
both in liquid and on a range of solid surfaces and the 
growth form was seen to be extremely variable,but bore a 
. definite relationship to environmental conditions. 
B) METHOD OF CULTURE 
The procedure employed for the cultivation of blue­
green algae has been adequately described in section 2A(i) 
and requires very little expansion. It 1s interesting to 
note however the marked alteration in growth form by over­
dilution of healthy cultures. 
Liquid cultures were grown continuously in relatively 
large volumes (7 1.) and diluted at regular intervals when 
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the liquid appeared dense. Dilution with fresh media had 
no effect on growth habit provided that at least one third 
of the original culture was retained. Witty (19(~) also 
noticed that low light intensities as well as over-dilution 
would cause clumping of filaments and adhesion to the walls 
of the culture vessels. 
For the purposes of this project, cultures were mostly 
used in an unsterile form and therefore sub-culturing could 
be readily achieved by taking large samples from the dense 
growing populations and new cultures grown up. However, 
when preparing new, axenic cultures, small samples are 
taken from sterile agar slopes and inoculated into small 
volumes of liquid media. The fflaments prove difficult to 
separate and large volumes are extremely difficult to 
prepare so that filaments are homogeneously distributed 
throughout the media. 
C) 	 OBSERVATIONS 
Generally there were two contrasting growth forms 
. 
noticed from liquid cultures, these are illustrated in 
Fig. 	3.1. 
The left hand petri dish shows a sample removed from 
a non-sterile, '-old I culture, whereas the dish on the 
right hand side illustrates the growth form arising from 
cultures maintained sterile (similar growth arises from 
over-dilution of unsterile cultures). 
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Two contrasting growth forms obtained from 1iguid culture~ 

The algal masses removed from axenic cultures are 
extremely buoyant, possessing internal air chambers 
(Fig. 3"2),, These algal 'balls I were fixed, embedded and 
sectioned (Appendix III) to investigate the internal 
structure (see Fig. 3.3)~ It seems that some form of 
primitive 'tissue' development exists, with the layers at 
the exterior and those bordering the air chambers being 
much closer together" The marginal layers also appear to 
have a greater heterocyst frequency than filaments from 
elsewhere in the ball. 
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D) DISCUSSION 
Blue-green algae have the ability to form an inter-. 
action with neighbouring filaments, but within a healthy, 
unsterile culture can behave as independent units, 
obtaining necessary nutrients from the external medium. 
The heterocysts are the sites of nitrogenase activity 
in the heterocystous, filamentous blue-green algae 
(Stewart et al 1968, Stewart et al 1969, Fay & Kulasooriya 
1972, Flemming & Hasselkorn 1973) and the frequency of 
these cells compared with normal vegetative cells is 
dependent on the need for fixation of atmospheric N2 and 
hence are influenced by the availability and form of 
nitrogen in the culture medium (Fogg, 1949). 
If individuals within a given culture are subjected 
to environmental stresses such as those imposed by over­
dilution or separation from natural bacterial partners 
(caused by maintenance ofaxeni? populations), the 
individual filaments seem to be less successful when 
remaining independ~nt and co-operation appears beneficial. 
Masses of filaments accumulate to form ~~yant, isolated 
populations, with very slow growth rates, but capable of 
survival for long periods without the need to produce 
akinetes. 
The identity of the essential growth factor( s) is 
still uncertain, but. could well be supplied by some 
external agent such as bacterial contaminants. 
The stained sections of the mucilagenous balls, show 
a variation in heterocyst frequency within layers as well 
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as just filament density. The greatest heterocyst 
frequency is seen in filaments along margins of air­
chambers together with the filaments of the surface layer, 
and it is therefore fair to assume that far more nitrogen 
is fixed at surface layers. Fogg (1952) and other workers 
(Goryunova & Rzhanova, 1964, Hood, Leaver and Carr, 1969) 
suggest significant release of extracellular nitrogen, 
which for the algal balls may remain bound up within the 
community and be made available to cells via the activity 
of bacterial populations bound to the algal sheath 
mucilage (Bunt, 1961). 
The implications of the filament distribution within 
the balls described above is of considerable interplay 
between neighbouring filaments within a population. If 
nitrogen can be passed on from one filament to another, 
then successive layers from a surface algal crust of the 
soil could possibly show similar interactions with lower­
layer filaments producing less heterocysts per filament 
than those of the upper layers. This would probably lead 
to a reduction in the amount of nitrogen that would be 
made available to other soil organisms whilst the populaQon 
remains healthy. 
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SECTION l.f. 
CONTRIBUTION OF SOIL ALGAL CRUST TO SOIL NITROGEN 
A) INTRODUCTION 
Most research on nitrogen fixation has been concerned 
with liquid cultures because of the relative ease of 
sampling and replication. Fogg (1952) using Anabaena 
cylindrica, suggested release of between 20% and 40% of 
fixed nitrogen as extracellular combined N, but Magee and 
Burris (1954) found less than 5% released from Nostoc 
muscorum. 
If similar release occurs from soil populations, one 
could achieve a considerable contribution to soil nitrogen 
and maintain relatively high levels of N for crop use. 
The importance of blue-green algae in Rice cultivation 
is well documented e.g. De (1939), De and MandaI (1956), 
Singh (1961), Watanabe (1962), Watanabe and Yamamoto (1971), 
Mishustin and Shil1nikova (1971) and Venkataraman (1973), 
but the conditions in the tropics differ greatly from those 
of temperate regions. However, research has been far less 
conclusive on the value of blue-green algae to the nitrogen 
economy of temperate soils and much work is still needed 
before agreement can be reached. 
Stokes (1940) accepts the presence of algal nitrogen 
fixation within the soil nitrogen cycle, but suggests it 
to be of minimal importance, whereas fixation rates 
reported by subsequent studies e.g. Stewart (1967) and 
Henriksson (1971), imply a good potential of nitrogen 
fixing species of the cyanophyceae for supplying combined 
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II 
II 
organic N to the soil. 
Soil N gains are extremely difficult to estimate 
because of the high background level in the soil compared 
with the nitrogen contribution expected from the algae. 
",'II 
It is therefore useful to develop a laboratory system that i 
can give a clue to the significance of soil algae to their 
1,1",! 
:'1 
environment with respect to nutrient uptake and release. 
B) EXPERIMENTAL METHOD 
Circulation columns were designed to continuously 
culture filamentous, blue-green algal species on solid 
surfaces, but with the facility for periodic assays of 
acetylene-reduction and of the nitrogen status of the 
growth medium. 
Algal crusts were formed by inoculation of liquid 
culture Qnto cores of sand and subsequent draining. The 
apparatus and method of inoculation is described in 
section 2A. The nitrogen composition of the circulating 
medium could be carefully controlled and periodically 
monitored, while the air-lift provided a Simple means ,of 
continued removal and replacement of liquid to keep the 
crust damp. 
Replicate columns were always used and any column 
could be sampled more than once during the course of the 
experiment. The effect of external nitrogen on fixation 
rates, the speed at which the algal crust could deplete 
background stocks and the levels of released nitrogen were 
all recorded. 
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C) EXPERIMENT I GROWTH AND FIXATION ON NITROGEN-FREE 
MEDIUM 
Eight columns were initially inoculated and.N-free 
medium (Allen & Arnon, 1955) continuously circulated. 
Growth was allowed to continue for ten days. Estimates of 
both nitrogen fixation (using the acetylene reduction 
technique) and total nitrogen in the medium were made at 
least once every 24 hours in order to look for a correlation 
between algal nitrogen fixation and any possible nitrogen 
release. to the medium. 
The cultures were kept under continuous illumination 
of 3000 Lux as they had been during cultivation prior to 
their inoculation. 
It was unfortunately very difficult to prevent 
bacterial contaminatio~ during the course of the experiment 
and therefore account had to be taken of any possible 
effects caused by contaminants. 
Results 
Results obtained from acetylene-reduction assays show 
an interesting cyclic plot which shows only a limited 
relationship to the variation in total nitrogen in the 
external medium. The results (listed in appendix IV) are 
interpreted below in Fig. 4.1 to suggest a pattern of 
nitrogen fixation with a regular 4~ hour cycle. The 
experiment was repeated several times and always gave a 
similar pattern of fixation. 
Fluctuations in external nitrogen are very small after 
the initial gain to the system of approximately 2tgN/ml. 
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culture medium. stewart (1964) states that fixation will 
still continue to a slight degree even in the presence of 
50~g.NH3-N/ml. and thus the small variations noticed here 
are unlikely to account for the large effects shown. 
A second experiment was then carried out to examine 
more closely the effects of external nitrogen on acetylene­
reduction. 
D) EXPERIMENT II INVESTIGATION OF THE EFFECT OF EXTERNAL 
NITROGEN ON ACETYLENE-REDUCTION 
Introduction 
Hood, Leaver and Carr (1969) have reported the 
occurrence of large quantities of extracellular nitrogen 
in liquid cultures, which they explain by the absence of 
end-point repression for nitrogenase in blue-green algae. 
Witty (1974) and this author working with solid 
surface cultures, have noticed no such release of extra­
cellular N from algal crusts under normal growth conditions 
on both sand and soil. Large amounts can however be 
released on lysis of cells during drought and frost 
conditions (Witty, 1974). 
The effect of NH4+-N additions on fixation rates and 
subsequent uptake by the cells within a population is 
illustrated in the following experiment : 
Method 
Eight columns were prepared as before by inoculation 
of acid-washed sand with liquid culture, and subsequent 
draining of media, followed by the introduction of fresh 
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media into the circulation stream. Six columns received 
10 ml. fresh media containing 30/g.NE; -N/ml. culture 
medium, whilst the two remaining columns received Allen 
and Arnon N-free medium. 
The columns receiving NH4 -N additions were sampled 
in pairs at regular intervals over a ten day period, whilst 
the remaining pair of columns (N-free medium), sampled 
less frequently, served as controls. 
Results 
The results obtained (see appendix IV) are plotted in 
Fig. 4.2 and compare acetylene-reduction with levels of 
nitrogen in the external medium. 
The rate of acetylene-reduction at To was that of a 
freshly inoculated culture previously grown in the 
continuous culture vessels and not yet subjected to ~ ~ 
~ 
additions. Additions of media containing 30~g.~ -N/ml. 
led to an almost immediate drop in acetylene-reduction, but 
not complete suppressiono 
The algal culture was not kept axenic and therefore 
any change in the nitrogen status of the external medium 
was due to an algal/bacterial 'community' and not the 
alga alone, and was seen to be rapid, with 29.03 mg. (dry 
wt.) algal material removing 225.0~g.N from the medium in 
24 hours. Subsequent removal of nitrogen was much slower, 
but the rates of nitrogen fixation (acetylene-reduction) 
remained low for several days, even though the level of 
external N was fairly low. 
Once the level of nitrogen in the circulating media 
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had dropped below 5.0~g/ml., the algal crust required 
additional nitrogen in the-form of fixed, atmospheric N2• 
The levels of extracellular N remained fairly constant 
and the author suggests that rates of acetylene­
reduction may continue along a cycle similar to that 
proposed in experiment I above. 
E) DISCUSSION 
It appears, from the two experiments described, that 
nitrogen fixation from surface algal populations, follows 
a definite cycle, with one completed cycle taking 
approximately 48 hours. Rates of nitrogen fixation range 
from 120 - 720 n.moles C2H4/cm2/hr., but this fixation 
seems to cause very little fluctuation in the levels of 
extracellular nitrogen. 
However, if additions of soluble nitrogen are made to 
the external medium, fixation is immediately depressed. 
Once the environment becomes depleted of nitrogen again 
(either due to uptake by the alga or, in the soil, by 
leaching and crop removal), fixation of atmospheric N2 is 
resumed. 
From these experiments, there is no evidence of a 
large, continual output of algal nitrogen to the substrate, 
but rather a continuous retention within the surface 
ticommuni ty' - any small amounts of extracellular nitrogen 
released by an individual will most probably be utilized 
by neighbouring cells. Bacterial associates will also be 
important in this type of system (especially if the sub­
.~~.,--"-------­
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strate is soil) both, by direct uptake of N and by 
conversion to a form readily acceptable to the algae 
which in turn remove the nitrogen from the external 
solution. 
Fogg (1952) worked with pure cultures of Anabaena 
cylindrica, and found release of extracellular nitrogenous 
components. It may be that the apparent lack of such 
release from solid surface populations was due to 
bacterial contaminants removing N from the medium (if 
bacterial populations remained within the surface crust 
they would not have shown up in the kjeldahl digestion of 
the medium). ,The 4B hour cycle of fixation proposed by 
this author may also result from bacterial interaction 
rather than being intracellular induction and repression 
of the nitrogenase system. 
These studies were performed on acid-washed sand but, 
on soil, there are far more factors to influence algal 
nitrogen fixation and if an intracellular cycle exists it 
may well be severely affected by the environment. 
In the agricultural situation however, where algal 
populations may establish in very close proximity to the 
crop, uptake of nitrogen by plant roots can maintain a low 
soil-nitrogen status in the immediate vicinity of the plant. 
With the crop providing shade and preventing the ground 
surface from becoming rapidly desrc,cated, and at the same 
time keeping the soil low in soluble nitrogen, algal 
esta'blishment can be good and fixation rates always at a 
maximum. Only under such conditions, immediately near to 
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the crop plants, will algal nitrogen fixation contribute 
appreciably toward soil nitrogen balances. 
N.B. The soil nearest to the crop is not easily assayed 
for surface acetylene reduction and therefore suggests 
large discrepencies in the field assay techniques employed 
by this author in estimating algal fixation with-l.n the 
lysimeter studies (chapter e). 
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SECTION 5 
THE EFFECT OF ATMOSPHERIC NITROGEN 

ON THE ACETYLENE-REDUCTION ASSAY 

A. 	 INTRODUCTION 
B. 	 EXPERIMENTAL METHOD 
(1) 	 Experiment 1. To determine Km for acetylene 
in atmospheres with and without gaseous N2• 
(ii) 	 Experiment 2. To make corrections for 
variation in O2 levels encountered in 
experiment 1. 
C. 	 RESULTS 
D. 	 DISCUSSION 
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SECTION 5: 

THE EFFECT OF ATMOSPHERIC NITROGEN 

ON THE ACETYLENE REDUCTION ASSAY 

A) INTRODUCTION 
The acetylene reduction technique has been widely 
used to estimate fixation of atmospheric N2 by both free­
living and symbiotic organisms (Stewart et al, 1967, 
Hardy et aI, 196a, Granhall and Henriksson, 1969, 
Bergersen, 1970 and Ballandreau and Dommergues, 1973). 
A variety of gases, including H2, CO, N20 and NO can 
competitively inhibit this fixation. Schollhorn and 
Burris (1966) and Dilworth (1966) also showed acetylene 
reduction to compete with N2 for the nitrogenase, and 
hence competitively inhibit the process of nitrogen fix­
ation (Schollhorn and Burris, 1967). 
Bergersen (1970) attempted to form a quantitative 
relationship between nitrogen fixation and acetylene red­
uction, using detached soybean nodules, but was led to the 
conclusion "caution should be observed in the application 
of the acetylene reduction assay to quantitative determin­
ations of nitrogen fixation. Major errors are likely to 
result when the conditions in the assays are not carefully 
matched with the conditions under which nitrogen fixation 
is occurring." 
Acetylene reduction to produce ethylene has a similar 
requirement for reductant, Mg2+, and ATP as does nitrogen 
reduction to produce ammonia, and therefore provided none 
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of these requirements are limiting, the ratio of products 
for equal numbers of electrons transferred should be 
1.5 : 	1.0 (ethylene: ammonia). 
Because of the competition by acetylene for the 
nitrogenase ~ihollhorn and Burris, 1967), acetylene 
reduction assays have generally been performed under 
artificial atmospheres, free of nitrogen. Use of such 
atmospheres imposes certain restrictions on the type of 
system that can be easily monitored and hence presents 
limitations on the sampling of natural ecosystems. 
Witty (1974), states that the competition by N2, 
during acetylene reduction estimates, is of negligible 
importance provided the acetylene concentration exceeds 
5% at atmospheric partial pressures. Using this fact, he 
devised a field assay technique whereby nitrogen fixation 
estimates could be made in situ. 
This author has used the technique devised by Witty, 
but considered it essential to confirm his value of 5% 
acetylene before making routine use of the assay procedure 
in the field. Even if large excesses of acetylene are 
injected at the start of a field assay, the chambers used 
may permit some losses, such that the final level of 
acetylene could be below 5%. 
B) 	 EXPERIMENTAL METHOD 
The basic requirement of this experiment was to assess 
the levels of a~etylene that are necessary to overcome 
any competitive inhibition, by atmospheric N2, on the 
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acetylene reduction, but because the assay is used in situ 
(and hence in the presence of normal atmospheres), all 
experiments had to be performed in the presence of oxygen 
and were thus subject to oxygen effects on nitrogenase. 
(i) 	 Determination of Km for acetylene in atmospheres 
wi th and without gaseous ni trogen. (N2) 
Liquid cultures of Nostoc ellipsosporum were tested 
in vitro for the effect of N2 competition on acetylene 
reduction. The Km for acetylene was determined in atmos­
pheres of 76% pN2 and 76% p.Ar (no N2), 4% p.C02 and the 
remaining 20% of the atmosphere being mixtures of acetylene 
and oxygen. 
In order that the N2 should remain at levels normally 
encountered in the atmosphere, whilst varying the acety­
lene concentration, it was thought necessary to vary the 
levels of oxygen to enable the overall pressure within 
the inCUbation vessel to remain at atmospheric press~re. 
A correction for all vessels with less than 20% oxygen was 
later applied (see expt. 2). 
475 ml. (16 oz.) medical flats were filled with either 
N2 or argon, using repeated evacuation and refilling with 
the desired gas, by means of a gassing manifold. The 
bottles were considered free of their original air after 
three evacuations and the medical flats had 75 mI. algal 
culture (liquid) introduced by hypodermic syringe through 
the subaseal in the top of the bottle. The bottles were 
then "bled off" to atmospheric pressure using a syringe 
needle submerged just below the surface of a beaker of 
water. All algal cultures were taken from a large volume 
of material which had been filtered through a column of 
glass balls to produce a homogeneous suspension of fila­
ments (after Day and Hopkins, 1967). 
The gas in the bottles then had 5% of their volume 
replaced with CO 2 and the bottles left for the gas phases 
to equilibrate. 
Finally, the medical flats had 20% of their gas phase 
replaced by a range of gas mixes of Q.2/C2H2 in the 
following proportions (see Fig. 5.1) 
(ii) 	 Determination of Correction Values for 
Variations in 02 Leyels Encountered in Expt. 1 
Introduction In the experiment above, the 
concentration of oxygen was varied in order that variations 
could be made in the acetylene concentration. It was 
necessary in experiment 1 to have p.N2 of 76% to determine 
the competition between N2 in the air and acetylene 
during acetylene reduction assays in the field. 
Both stewart (1971) and Witty (197~) showed 02 levels 
of 0.2 atmospheres and above to be inhibitory to n1trQ~­
enase in heterocystous algae, but levels of 02 below 0.2 
atmospheres to enhance nitrogenase activity. 
However this author was working with liquid cultures 
of N. e11ipsosporum which Witty found far less sensitive 
to oxygen effects at light intensities similar to those 
used for the experiment above (i.e. 3000 Lux and below). 
In experiment 1, the levels of acetylene vary from 
p.C~of 0.25% to p.C2H2 of 20% and ethylene measured by 
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Fig. 5.1 
Final Proportions of Gases Present in the Medical Flats 
(Set a. for N2 series and Set b. for Ar series) 
Set a.... 
CO2 C2H2~ ~ 
76% If% 20.00% 0.00% 
II 11 19.75 0.25 
II II 19.50 0.50 
II 19.00 1.00" 
II 18 .. 00 2.00" 
n 16.00 4.00
" 
II n 14.00 6.00 
II tl 12.00 8.00 
II 11 10.00 10.00 
It 8.00 12.00It 
6.00 14.00It 
" 
II 4.00 16.00
" 
n n 2.00 18.00 
tt 0.00 20.0011 
S~t b. 

for set a., but argon replaced N2•
As 
N.B. all values are given as a %(volume) of the total 
atmosphere. 
run forBoth sets of medical flats had replicates 

each acetylene concentration.. 
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gas chromatography after a 60 minute incubation. 
Acetylene was also monitored by gas chromatography and a 
check made at the end of the incubation to ensure no 
substrate limitation. 
N. e11ipsosporum was assayed for acetylene reduction 
in atmospheres of argon and a range of oxygen concentrat­
ions to determine a correction value for the first 
experiment. 
The level of acetylene was kept constant for this 
experiment and argon varied to achieve variation in 
oxygen levels. It was utluecessary to determine separate 
corrections for each level of acetylene in experiment 1 
because the effect of varying the oxygen concentration is 
the same at all p.C2H2 employed in the first experiment. 
Corrections were therefore determined at p.C2H2 of 10% 
and used to correct the ethylene produced from experiment 1 
to that expected in atmospheres of P.02 of 20%. 
Experimental Method The experiment was run, using 
p.C 2H2 of 10%, P.02 from 0% - 20%, 4% CO2 and the remai~ 
atmosphere made up by varying concentrations of argon, and 
the ethylene produced in one hour determined (Fig. 5.2) 
As for experiment 1, the acetylene was the last gas 
to be introduced and 0.5 mI. samples removed 60 and 120 
minutes from the moment of acetylene injection~ Ethylene 
was determined for the period T60 to T120 • 
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Fig. 5.2 
Table of the Proportions of Gases in each Medical Flat 
From Experiment 2 and the Values of Eth~lene Produced 
During One Hour of Incubation Under 10% Acetvlene 
P,C2H2 P.C02 
10% 4% 
11 n 
fI 
" 
II II 
fI 
" 
" " 
" 
11 
II 
" 
tt' II 
I, II 
" 
II 
It 
" 
P.02 
0.00% 
2.00 
4.00 
6.00 
8.00 
10.00 
12.00 
14.00 
16.00 
18.00 
19.00 
20.00 
p.Ar 
86.00% 
84.00 
82.00 
80.00 
78.00 
76.00 
74.00 
72.00 
70.00 
68.00 
67 .. 00 
66.00 
Eth~lene 
p'roduction 
(ppm C2H4/Hr) 
58.3 
53.4 
54.1 
48.4 
52.3 
49.0 
43.9 
43.0 
38.9 
39.4 
36.4 
38.1 
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Fig. 5.3 
Table of Correction Values Derived from Ethylene Produced 
in Atmospheres with P.02 Less than 20% 
Ethllene PrQduced 
P·C2H2 P·02 From T60 to Tl20 (n.moles/cm2/hr.) 
0% 20% 6.48 
1 19 6.19 
2 18 6.70 
4 16 6.62 
6 14 7.31 
8 12 7.47 
10 10 8.33 
12 8 8.89 
14 6 8.23 
16 4 9.20 
18 2 9.20 
20 0 9.92 
ethylene @P.02 - 20%c = 
ethylene @P.02 - x% 
Correct1on Factor 
(90) 
1.00 
1.05 
0.97 
0.98 
0.89 
0.87 
0.78 
0.73 
0.79 
0.70 
0.70 
0.65 
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Fig. 5.3 indicates the correction obtained from 
experiment 2 for variation in levels of oxygen during 
acetylene reduction assays in experiment 1. 
The ethylene values obtained from experiment 1 were 
corrected by the appropriate factor (Fig. 5.3) and 
expressed as the expected ethylene produced from a range 
of acetylene concentrations and P.02 of 20%. 
C) RESULTS 
The correction for oxygen inhibition was applied to 
the values for acetylene. reduction from the various medi~ 
flats used in experiment 1 and the Km for acetylene 
calculated for the N2 and Ar atmospheres. 
Fig. 5.4 shows the effect of varying the acetylene 
concentration on acetylene reduction assays under N2 and 
Ar (N2 -free) atmospheres. A Line-Weaver, Burk plot was 
preferred for the determination of Km (see Fig. 5.5) and 
values for liS and l/V are displayed in appendix v .• 
A regression analysis was performed on values of liS 
and l/V and the two lines from the Line-Weaver, Burk plot 
were found to intersect the y axis at the same point (or 
within 2% of each other) and therefore show identical 
values for the maximum rates of acetylene reduction. This 
1s clearly an example of competitive inhibition by N2 
for the nitrogep~se. . 
The Km for acetylene reduction by nitrogenase was 
found to be 385Pmoles acetylene in a nitrogen-free 
at~osphere but was raised to lOOOP·moles acetylene 1n the 
presence of gaseous N2 at levels normally found 1n the 
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Fig. 5.4 
1:.0 Show the Effect of Acetylene on the Rate of Ethylene Production in Atmospheres of Argon and Nit~en. 
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From values obtained for rates of ethylene production 
(see Fig. 5.4), it is clear that acetylene reduction 
assays can be performed in the presence of N2, provided 
that the levels of acetylene always remain above 6.75% of 
the atmosphere. 
D) DISCUSSION 
It is essential, for stUdies on field systems, to be 
able to observe the maximum number of samples in the 
minimum of time. Many workers have used the acetylene 
reduction assay for estimating nitrogen fixation in 
natural ecosystems (Stewart et aI, 1967 and 1968, Hardy 
et al, 1968, Bergersen, 1970, lienriksson, 1971 and 
Henriksson, Enckell and Henriksson, 1972), but have 
normally removed small samples from their natural habitat 
for incubation in bottles filled with artificial atmos­
pheres. Acetylene was found to be an inhibitor of 
nitrogen fixation by Schollhorn and Burris' (1966) and 
Dilworth (1966) and this inhibition was later shown to be 
a competitive inhibition by Schollhorn and Burris (1967), 
the acetylene competing with the nitrogen for the active 
site on the nitrogenase. It therefore follows that care 
should be taken when estimating nitrogen fixation by the 
acetylene reduction technique. 
Balandreau and Dommergues (1973) and Witty (1974) 
used in situ chambers for estimating nitrogen fixation by 
surface populations of blue-green algae, using the acety­
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lene reduction technique in the presence of atmospheric 
ni trogen. Wi tty suggested that a 5% level of acetylene 
in the atmosphere was sufficient to 'swampt any effects 
created by N2 competition. 
This author has employed Witty' s techniques for a 
variety of laboratory and field studies, but has found it 
necessary to maintain acetylene levels above 7% to ensure 
accurate determinations of nitrogen fixation. , For the 
purposes of all studies reported in this thesis, the level 
of acetylene introduced into incubation vessels was kept 
at 10%, where possible, and results ignored if the 
acetylene levels dropped below 7%. 
The presence of gaseous nitrogen, at levels found in 
the atmosphere, will raise the Km of acetylene from approx­
imately 385~moles acetylene to lOOO~moles acetylene and 
has therefore led to many previously reported studies, 
using acetylene reduction as a ~eans of estimating N2 
fixation being performed under artificial atmospheres 
(N2-free). However, with levels of acetylene maintained 
above 7% (v/v) of the atmosphere, ethylene production can 
be correlated quite satisfactorily with nitrogen fixation, 
even in the presence of atmospheric nitrogen concentrat1ons. 
99 
ilMi tHE 
SECTION 6 

POSSIBLE INTERFERENCE, FROM NON-ALGAL ETHYLENE 
PRODUCTION, WITH ACETYLENE REDUCTION ASSAYS 
A. INTRODUCTION 
B. EXPERIMENTAL METHOD 
C. RESULTS AND DISCUSSION 
100 

SECTION 6 
POSSIBLE INTERFERENCE, FROM NON-ALGAL ETHYLENE 
PRODUCTION, WITH ACETYLENE REDUCTION ASSAYS 
A) INTRODUCTION 
The acetylene reduction method for measuring nitrogen 
fixation is depende.nt on the sensitivi ty of ethylene 
detection. Hardy and Knight (1967) report a sensitivity 
of C2H4 by flame ionization as 103 times as sensitive as 
l5N and 106 times as sensitive as Kjeldahl analyses, and 
hence acetylene reduction is useful for detecting low 
levels of N2-fixing activity with short-term incubations. 
The actual parameter used for calculating levels of 
N2-fixation is that of ethylene production and therefore 
account has to be taken of other possible forms of ethylene 
formation. Primrose and Dilworth (1976) and Primrose (1916) 
have shown conclusively that a large range of soil bacteria 
can, under aerobic conditions, produce large enough 
~uantities of ethylene to be toxic to crops, and the 
capacity of soil to show ethylene production can be 
correlated with the content of organic matter. 
Soil also has the capacity to absorb some ethylene 
and hence could cause inaccuracies when estimating the 
production of ethylene in situ using the acetylene reduct1n 
techniqlle .... 
A further contributor to ethylene during field 
estimates of N -fixation is that of non-biological ethylene
2 
as reported by Witty (1974). He observed ethylene 
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increases equivalent to 0.00012 kg.N/ha/hr. from soil­
filled, steel chambers used for field studies (levels of 
no importance to field estimates), but not from soil­
filled, glass chambers. 
It therefore seemed advisable to examine further some 
of these phenomena before making a routine use of the 
field system for acetylene reduction assay described in 
section 2. 
B) EXPERIMENTAL METHOD 
A series of experiments were performed using both 
glass and steel chambers similar to those described in 
section 2B. Combinations of,autoclaved (15 pes.i. for 
several hours) and non-autoclaved soil with and without 
acetylene injection were examined in preliminary tests. 
These were followed by experiments using empty cylinders 
and soil-filled cylinders containing added scrap metal. 
All cylinders were sealed at both ends with perspex 
sheets, the internal pressure always maintained at atmos­
pheric and samples removed regularly. Many experiments 
took place over several days. 
The various combinations of experimental conditions 
are listed below: 
(i) Empty steel cylinder, sealed at both ends, 
moistened inner surface and observed in the presence and 
absence of 10% (v/v) acetylene. 
(ii) Steel cylinder, nearly-filled with autoclaved 
soil, with and without acetylene. 
(iii) Steel cylinder, nearly-filled with non-autoclaved 
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soil, with and without acetylene. 
(iv) Empty glass cylinder, sealed at both ends, with 
and without acetylene. 
(v) Glass cylinder, nearly-filled with autoclaved 
soil, with and without acetylene. 
(vi) Glass cylinder, nearly-filled with non-autoclaved 
soil, with and without acetylene. 
(vii) Glass cylinder, nearly-filled with autoclaved 
soil, inclusion of scrap metal pieces at the soil surface, 
with and without acetylene. 
All sampling was by means of 0.5 mI. syringe samples 
removed via suba seals in the sealed, perspex lids and 
ethylene was detected by gas chromatography as described in 
sec tion 2B. 
C) RESULTS AND DISCUSSION 
A complete table of results can be seen in appendix 
'VI, but Figs. 6.1, 6.2 and 6-3 are graphical represent­
ations of the three most interesting phenomena. 
The combination of steel, acetylene and autoclaved 
soil appears to be the 'magic formula I for the production 
of ethylene. Fig. 6.1 shows that after an initial diffusmn 
of acetylene (plus accompanying ethylene impurities) into 
the soil, ethylene was steadily produced at a rate of O.O?+ 
n.moles/cm2/hr. (equivalent to 0.00014 Kg.N/ha./hr.), a 
value in close agreement with that found by Witty. This 
continued throughout the 24 hour period monitored (glass 
vessels do not behave similarly as indicated by Fig. 6.2). 
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fig. 6.1 
Non-biolo~cal ethylene production by sterile soil in a 
steel chamber. Initial cone. C2H2 ..lar~ and C2H4 ~PP.!!. 
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Autoclaved soil, in the absence of acetylene, could 
not be shown to produce ethylene in either steel or glass 
vessels. This form of ethylene production therefore seems 
to be non-biological and arises from interraction between 
the steel· and some agen~ that has been released from the 
soil during autoclaving to give a subsequent reduction of 
the acetylene. However, as Witty pointed out, the 
quantities of ethylene produced non-biologically are very 
small in comparison with the volumes produced during the 
in situ field assays using the acetylene reduction 
technique. 
Non-autoclaved soil also shows production of ethylene 
in both steel and glass vessels, with or without acetylene 
injection. Fig. 6.3 indicates the rate of ethylene 
production from a system which has not been treated for the 
removal of micro-organisms, and one can see that the rates 
of ethylene production are much lower than thoseobtained 
from non-biological ethylene production mentioned above. 
However, samples removed over several days indicated much 
larger volumes of ethylene (there was always an initial lag 
of several hours before the ethylene production became 
detectable). Accurate estimates of 'biological ethylene. 
production l by soil organisms, are difficult to obtain due 
to the capacity of soil plus concomitant microflora/fauna 
to absorb ethylene under various conditions. For example, 
a drop of 340 n.moles ethylene was observed from the third 
day to the fourth, in the steel cylinder of expt. iii., 
when no acetylene was present, and subsequently rose again 
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by similar amounts over the next 24 hour period. 

Primrose (1976) found with E. coli (strain SPA 0), 
tha t ebbylene was produced linearly after 5 - 6 hours, the 
time required for the culture to reach the stationary 
pr..ase of growth.. 
As with non-biological ethylene production the 
production of ethylene by micro-organisms, in the absence 
of acetylene, has no significance to the short-term 
acetylene reduction assays employed in field and laboratory 
studies. Hm.;ever these levels would be of significance to 
acetylene reduction assays over longer periods, especially 
with studies such as thoseon N2-fixation by grass and crop 
rhizospheres (Dobereiner, Day and Dart, 1972 and Day, 
Harris, Dart ar~ Van Berkum, 1975). Under such studies, 
adequate controls, with no acetylene, are essential. 
One added complication to long-term acetylene 
reduction studies, is the apparent inhibitory effect of 
acetylene on biological ethylene production (expt. iii. 
and vi. in the appendix) and hence difficulty in arranging 
sui table controls .. 
We can thus conclude that sterilized soil (autoclave~ 
peculiarly reduces acetylene to ethylene at relatively h1€p­
rates in a steel vessel, but not in glass. 
Soil micro-organisms have the capacity to produce 
ethylene (as a secondary metabolite - Primrose, 1976), but. 
thls process 1s partially depressed by acetylene. However 
estimates of biological ethylene production are made 
difficult by the continuous uptake and release of ethylene 
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by the s011 and associated organisms. 
Biological ethylene production normally occurs after 
an initial lag of several hours incubation. 
Short-term acetylene reduction assays are unaffected 
by either biological or non-biological ethylene 
production, but longer-term studies of the ability of soil 
micro-organisms to fix nitrogen may well be significantly 
influenced by microbial ethylene production• 
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SECTION 2 

ESTIMATION OF THE ANNUAL GROWING SEASON 

FOR THE BLUE-GREEN ALGAE INOCULATED ONTO THE LYSIMETERS 

A) INTRODUCTION 
The factors affecting the growth and fixation of Blue­
green algae have been discussed in section 1., and these 
factors must be considered when trying to achieve estab­
lishment of blue-green algae onto temperate agricultural 
soils. 
The lysimeter studies undertaken by this author 
(section 8.) were intended to resemble, as closely as was 
practicable, a natural field situation. The establishment 
of healthy populations of nitrogen fixing species of blue­
greens was attempted in order to improve the nitrogen staUs 
of the soil as well as to introduce a self-perpetuating, 
nitrogen-producing system. 
Blue-green algae are able to produce akinetes which, 
during unfavourable conditions, can survive for long 
periods. Drought, periods of cold, or plougning of the scl1 
by the farmer can all lead to disruption of growing popul­
ations, and can induce akinete production. 
When estimating annual fixation rates for blue-green 
algae in their natural environment, one must take into 
account all factors which are unfavourable to algal growth 
and nitrogen fixation. For speed of results, this study 
was carried out in the laboratory rather than observations 
in the field, but it is essential to note, as did Fogg 
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(1965), that studies of laboratory cultures may not often 
reproduce natural conditions. 
Witty (1974), discussed many of the factors affecting 
nitrogenase activity and nitrogen release from cells grow­
ing on solid surfaces, especially light intensity, temper­
atures and the moisture composition of the soil. 
Inoculation of blue-green algae onto temperate soils can be 
very successful, but is especially dependent on temper­
ature and moisture at the time of inoculation. Irrigation 
can help overcome the second of these two factors, but the 
former must remain under natural control. 
This chapter refers to work done on the estimation of 
temperatures required for algal growth and hence of what 
proportion of the year is favourable to algal establishment 
(and hence fixation). Studies of liquid cultures show 
blue-green algae to be capable of growth over a wider 
temperature range than other algae (Whitton, 1962, Peary 
and Castenholz, 196~, Allen, 196~ and Castenholz, 1969). 
Liquid cultures do not always resemble those grown on 
solid surfaces and also different species show tremendous 
variations in growth requirements. 
Nostoc ellipsosporum was the species used for the 
lysimeter studies and hence the organism used for these 
studies. 
B) EXPERIMENTAL METHOD 
6" Petri-dishes were two-thirds filled with acid­
washed sand and moistened wi th Allen and Arnon N-free 
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medium. These dishes were then inoculated with 
N.ellipsosporum by means of liquid culture sprayed through 
a laundry spray. 
The petri-dishes had their lids replaced and were 
incubated under controlled conditions in an environmental 
growth cabinet. Two dishes were employed for each of the 
000 0temperatures: 4 C, 14 C, 17 C and 20 C, whilst maintaining 
continuous illumination of 3000 Lux. All dishes were 
regularly sprayed with fresh media to maintain the moist~ 
and nutrient levels of the sand. 
The optimum temperature required for growth was then 
compared with both soil and air temperature records for 
the 1976 season. 
C) RESULTS 
After three weeks, the petri-dishes were removed from 
the growth cabinets and photographed and the density of 
algal growth compared for each of the four temperatures : 
Fig. 7.1 shows no growth of the inoculum at 4°C over 
the three weeks of the incubation, and in fact longer 
incubation at this low temperature failed to permit growth. 
With increase in the temperature to 14°c, growth was 
expected but, as can be seen from Fig. 7.2 was hardly 
evident. Three weeks had been used as the limit for the 
growth period in the cabinets and was not long enough for 
growth to have become evident at this temperature. 
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Fig. 7.1 

Growth at It-°c (3000 Lux. for 3 weeks) 

Fi g . 7.2 
Growth at llt-°C 
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Fig. 7.3 
Growth at lZoC 
Fig 7.4 

Growth at 20°C (3000 Lux. for 3 weeks) 
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17°C does permit algal growth on solid surfaces, 

though establishment was slow and" the surface populations 
appeared unhealthy and irregularly distributed. Mucilage 
around the filaments was abundant at this temperature. 
The dishes grown at 200 C (Fig. 7.4) showed active 
growth and produced an even distribution of very healthy 
filaments. However with temperatures as high as 200 C the 
sand was quick to dry out and hence regular watering was 
essential. 
Air temperatures were far less stable than soil temp­
eratures throughout any single month. May was the first 
month to produce temperatures above l4°C during the day 
and temperatures did not rise above 200 C until June. 
Soil temperatures however lagged behind those of the 
air and did not reach 170 - 200 C before the end of June and 
the beginning of July. 
D) DISCUSSION 
Observations of blue-green algal populations on the 
soil surface show frequent growth ~nd dying back of isolabn 
colonies. This changing growth pattern is dependent 
mainly on soil moisture composition, but can be related 
partly to soil temperatures. 
Establishment will only be expected during the spring 
months, when temperatures become more stable and rainfall 
is plentiful. The length of the growing season for any 
particular speci'es will then be dependent on the climate 
of a particular area of the country. 
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Witty (197~), showed the algal cells to resist frost 
damage above -30 C and nitrogenase activity was fairly 
rapidly recovered at these temperatures. At and below 
_3°C the cells will not recover from their frost damage. 
Regrowth will therefore have to await suitable temperatures 
for akinete development. 
Witty also showed the damage to growing cells by 
drought and subsequent regrowth after the soil was 
remoistened. 
The estimation of the growing season for a particular 
species of blue-green alga must therefore relate directly 
to location wi thin a climatic zone and more specifically 
to soil topography. N.ellipsosporum will not grow actively 
below about leoe and once established will then be at the 
mercy of extreme changes in weather conditions. 
Estimates of annual nitrogen fixation for a given area 
will be obviously dependent on the growing season. 
From the temperature records around the lysimeters it 
appears that the growing season for N.ellipsosporum was 
restricted to five months of the year (mid May - mid 
October). 
Available moisture can restrict growth still further 
during these months. (Stewa:rt, i<765) 
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SECTION 8 

LYSIMETER EXPERIMENT 

A) INTRODUCTION 
Two experimental plots were constructed with the aim 
of monitoring the throughflow of nitrogen over a two year 
period. Gains, chemical additions and losses were 
observed and various treatments given to the plots in an 
endeavour to improve crop yield and soil fertility_ 
Experiments bad been carried out at Luton College by 
J. Witty over the 1970 - 1973 seasons, with algal 
inoculation on large-scale trials. Much of this work has 
been repeated on a more manageable size, though on a 
different soil type, in an attempt to further interpret 
these results. 
The colonization by algae (indigenous and introduced 
species) has been observed and consideration given to thmr 
growth requirements in order to improve N availability to 
the crop by increasing nitrogen fixation. 
The field plots constructed for this trial were in the 
form of Lysimeters which allowed for all aspects of the 
nitrogen economy of the soil under test to be examined. 
Each of the two lysimeters was provided with drainage 
facilities for four separate treatments. 
The use of lysimeters in agricultural research is of 
age-old application, but there has been a recent increase 
in the use of lysimeters for water resource and fertilizer 
investigations. Construction and size vary with purpose 
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and may range from small flowerpot size to hundreds of 
square metres in area and up to 5m. depth. Definitions 
differ, but for simplicity may be considered to be 
containers of soil and strata through which water infilt­
rates in suc~ a way that its quantity and/or quality can 
be measured. 
Lysimeters offer a means of evaluating the nitrogen 
balance of soils and have been used to study the leaching 
of fertilizers and nutrients. The use in crop studies for 
soil water and cation activity has been reported for over 
250 years and the type of construction falls into three 
principle types according to Low and Armitage (1970); 
namely:­
(i) Undisturbed soil blocks, either walled in, or 
monoliths fitted into boxes, but monoliths larger than 
30x30x90 cm. are impracticable. Recent work by the 
Institute of Geologica~ Science, Cambridgeshire, has shown 
the possibility of much larger enclosures of intact soil 
i.e. up to 10 m. square. 
(ii) Tanks filled with loose soil and aquifer materuu 
as a sample of a catchment. These have tended to be 
larger than those used in the majority of agricultural 
studies. 
- (iii) Tension lysimeters based on placing a suction 
against the soil through the use of an Alundum filter at 
a distance below the soil surface; they have no walls. 
All three types show a variety of advantages and 
. 

! 
! 
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disadvantages, but generally the monolith type is best. 
N.B. Recent installations, such as those at the Institute 
of Geological Sciences site at Reach, Cambridgeshire, 
have walled in very large areas of undisturbed soil and 
have made use of a naturally occurring, impermeable layer 
as a base seal and this system can be applied where the 
impermeable layer is within about 10 m. of the surface. 
Provided that consideration is given to certain 
factors, lysimeter studies can produce valuable results :­
(a) Lysimeters may impose certain limitations by 
their size, but econQmy permitting, should be large enough 
to reduce edge effects and errors due to the heterogeneity 
of soil. 
(b) The lysimeter should be deep enough to permit 
normal rooting of the crop under test - this is of less 
importance with cereal crops, but of major importance with 
tree observations. 
(c) The base boundary conditions should be as 
natural as possible - this may not be true for repacked 
tanks unless a tension is applied at the base of the SOil, 
because drainage can be greatly affected by the soil/base 
interface. 
(d) The lysimeter should resemble the'surroundings 
as closely as possible. 
(e) The soil and strata within the lysimeter should, 
for most studies, be undisturbed to allow natural drainage 
and root development. 
(f) Moisture contents within the lysimeter should be 
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monitored and compared with those outside. 
(g) Soil cultivation and irrigation should follow 
normal agricultural practice. 
Because of the nature of this research project, size 
and economics were the prime influences. Much of the work 
concerned surface activity and comparisons between treat­
ments, therefore the second of Low and Armitage's 
categories was chosen i.e. repacked soil. 
By applying a number of treatments to each lysimeter, 
a comparison of crop yields and N-content might indicate 
the potential of blue-green algae as a replacement for 
industrially produced fertilizers. The treatments chosen 
were algal inocula, fertilizers (Nitram), Herbicide and 
controls. 
Spring Wheat was sown so that later maturation than 
by a winter variety would allow uptake of any nitrogen 
released by algae after cell lysis caused by drought. It 
appears that nitrogen, fixed by actively growing cells 
under conditions of relatively low soil-N, is not released 
to the environment unless conditions are such that cell 
lysis occurs. (see section 4). 
B) LYSIMETER CONSTRUCTION 
A suitable site was acquired in the grounds of one of 
the college's student hostels, which although slightly 
sheltered, still received adequate sunlight for approxima­
tely 10 hours per day during summer months (the winter 
months gave greater exposure because of reduction of 
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foliage of surrounding trees). See Fig. 8.1. 
The plots were constructed as two above-ground tanks, 
filled with loose soil and supplied with drainage outlets 
to each of four treatments in each lysimeter. 
Each tank had the following dimensions : 
Length • • • • • • • • • • • • • • • • • • • 5 metres 
Breadth • • • • • • • • • • • • • • • • • • 5 metres 
Depth • • • • • • • • • • • • • • • • • • • • 0.66 metres 
The sub-division of each lysimeter thus gave four 
I 
treatment areas of 0.000375 Ha. 
I (i) Stages of Construction ~ (ai The siting of the lysimeters on a slight slope 
meant that excavations had to be carried out to create aI 
level base.I 
(b) Brick rubble was laid to a depth of 3 - 4 inchesI 
to allow free movement of water below the concrete base. 
(c) A number of concrete fencing spurs were set 
round each tank and concreted into position prior to 
It floa ting" the concrete base, and so ac ting as a support 
for the sides. 
(d) Each lysimeter was sub-divided into four, and 
lengths of lift plastic drainpipe laid from the centre of 
each quarter to the outside. 
(e) Readymixed concrete was then poured into each 
tank, with each quarter having a concave base to channel 
drainage water via the drain to collection vessels at the 
side (see Fig. 8.2). 
( f) Sides were constructed for each lysimeter from 
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·sheets of til marine plywood. Railings of 3" x 2" timber 
were bolted to the fencing spurs and the sheets of ply­
wood nailed to the inside edge of the railings. 
(g) The inside of each I1boxu was lined with polythene 
sheet (1000 gauge heavy duty bUilders polythene sheeting) 
as a water-tight liner, and the outlets sealed with a 
collar at each drain. 
N.B. The four " sub-plots"had no vertical divisions, but 
as lateral movement of water is small, no interference was 
experienced between neighbouring treatments. 
(h) A layer of small gravel filled the base of each 
lysimeter and inverted, clay flowerpot saucers were used 
to cover the drain outlets to prevent loss of solid mate~ 
and subsequent blockage of the drains (see Fig. 8.3). 
(j) The gravel inside each lysimeter was thoroughly 
hosed down with water prior to filling with soil. Soil 
was then installed, by hand, and compacted as far as 
possible (see Fig. 8.4). 
(k) The soil used was obtained from the Luton Parks 
Department and being a local soil, had a high pH (8.2), 
due to the high chalk content, and a high clay content. 
The pH of the soil was thought to favour algal colonization 
both of indigenous species and of any proposed inocula. 
(1) Taps were fitted to all eight outlets and connoc­
ted to five-gallon polythene containers so that a contin­
uous record of drainage water could be kept for all treat­
ments and analyses performed (see Fig. 8.5). 
Before a crop was sown, it was necessary to allow the 
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soil to settle and compact as far as possible and to 
monitor the leachate for several weeks in order to check 
the similarity of all eight treatment areas. 
The soil was analysed for mechanical and chemical 
composition. 
C) SOIL ANALYSIS 
Various samples of the soil were taken from the 
lysimeters, from different depths, and the samples then 
"combined" for an analysis of chemical content and particle 
size distribution. The soil was supplied from a mound of 
fairly homogeneous clay material, rather than from 
different soil strata. 
(i) Mechanical Analysis for Particle Size Distribution 
(a) The first stage of the analysis involved air-
drying the sample as all values were quoted as a percent­
age of the air-dry soil. 
(b) 25 gm. air-dry soil was weighed out and sieved 
through a 2000 micron sieve to remove the larger stones. 
The remaining soil was then left for 24 hours with 50 ml. 
acetic acid buffered to pH 5 (216 gm. sodium acetate 
60 ml. glacial acetic acid in 2.5 1.), in order to remove 
all calcium carbonate,. When the reaction was complete, 
the soil was centrifuged and the supernatent drawn off and 
discarded. 
(N.B. The actual weight of calcium carbonate was deter~ 
by taking a second sample and reweighing air-dried after 
addition of acid). 
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25 mI. Hydrogen peroxide was then added to destroy 
any organic matter (100 vol. peroxide was used) and again 
the supernatent discarded. 
(N.B. The importance of removing both the calcium 
carbonate and the organic matter 1s so that a better 
dispersal is achieved for stage (d) in order that the clay 
fraction can be completely separated.) 
(c) After obtaining the fraction of carbonate and 
organic matter-free soil, it was necessary to disperse the 
particles completely - the wet soil was washed in N/5 
sodium chloride and diluted to 300 mI. with distilled 
water, 10 ml. Calgon (5% • 100 gm. hexametaphosphate+15 gm. 
NaC03 in 2 1.) added and the whole was shaken in a recip­
rocating shaker overnight. The solution was given a few 
seconds on the ultra-sonic probe to ensure a complete 
dispersion of the clay particles and poured into a measur­
ing cylinder for separation. 
(d) Applying Stokes' Law the soil dispersant was sep­
arated by settling out the different particle fractions over 
different depths for varying times. (see Appendix I) 
e.g. for particles greater than 2 microns :­
At 20°C settling time in seconds per cm. fall = 
2820.0 sees • 
•
• • at laoC settling time over 20.61 cm =17 hr. 
(according to Tanner & ··Jackson, 1947). 
The separations were carried out every day until the 
upper 20.61 cm. was completely clear after the 17 hr. 
The fraction greater than 2 microns can be sub­
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• • • • • • • • • • • • • 
fractioned if required by settling over shorter time 
intervals. The fine and coarse sand fractions are large 
enough to separate by wet-sieving through 250 and 60 
micron sieves. 
All fractions were dried and weighed : 
Large stones (greater than 2000 microns) ••••• 7.3065 gm. 
Coarse sand (greater than 250 microns) •••••• 0.5889 gm. 
Fine sand (greater than 60 microns) ••••••• 0.6H78 gm. 
Silt (greater than 2 and less than 
60 microns) 
• • • • • • • • 3.0304 gm • 
Clay (less than 2 microns) 
• • • • • • • • • • 2.9960 gm• 
Total 14.6096 gm. 
The loss in weight from the original dry soil sample 
was almost entirely due to loss in organic matter and 
CQ3- during the peroxide and acetic acid treatments prior 
to separation. Being a very calcar~ous soil, most of the 
~oss was as C03-. 
Estimates of C03- produced values of approximately 
25% air dry soil, which left approximately 2% accounted 
for by organic matter. 
(ii) Chemical Analysis of Whole Soil 
An analYSis for the major elements was performed 
using X-ray spectrometry after first milling the soil and 
drying the soil in three stages to determine moisture and 
organic matter :­
Loss of 4.1% = moisture 
••••••••••••• Loss of 9.2% =moisture and little 
organic matter 
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9500 e ••••••••••••• Loss of 32.2% • Moisture from organic 
and non-structural water, organic 
matter and C03- as CO2" 
The ignited soil was then prepared as fused discs with 
Lithium metaborate, fused at lOOOoe before scanning on the 
spectrometer. 
Elements were found to be present in the following 
proportions :­
oxide: Fe203 Ti02 CaO K20 Si02 A1203 P205 MgO MnO 
%total: 4.0 0.5 46.3 0.8 40.0 7.6 0.5 1.9 0.2 
Total =101.8% 
Standard used =FS 21 rock standard 
The analysis only gives values for the proportions 
present in the ignited soil and not necessarily their 
availability to any organisms. For example the value for 
Iron would indicate an adequate supply in the soil, but 
whether much of this Fe would be available to the blue­
green algae growing on the surface, is very difficult to 
estimate. 
The soil was also analysed for total nitrogen in the 
normal manner - using Kjeldahl digestion. This only gives 
values for organic and ammonia nitrogen, figures for 
soluble nitrate being obtained by the electrode method. 
Soluble nitrate was present as fairly small amounts 
compared with Kjeldabl N. :­
soluble Nitrate ••••••••••••••••••••• 0.003% 
Kjeldahl Nitrogen ••••••••••••••••••• 0.282% 
Total N ••••••••••••••••••••••••••••• 0.285% 
! 
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Estimated weight of soil in each lysimeter =9980.0Kg 
air dry soil • 
• 
• • Estimated total nitrogen per lysimeter at the 
start of the two year trial = 28.5 Kg.N. 
D) LYSlMETER TREATMENTS 
Before treatments could be made to the plots, some 
preliminary work was necessary_ 
Rainwater samples had been collected for more than ~ 
months and the levels of a few major elements measured in 
order to check the consistency of. the leachate. When 
leachate analyses indicated the system to have stabilized, 
the first crop was sown. The soil was lightly raked over 
and seed drills prepared using a wooden hay rake with 
alternate tynes removed, to give rov.s 7u apart. This 
allowed space between the wheat for steel chambers to be 
installed for nitrogen fixation assays (see section 2B). 
·Sappon, a variety of spring wheat, was sown at a 
rate of 195 Kg/ha over all eight treatment areas. 
Two of the treatments received·ammonium nitrate 
fertilizer at a rate of 285.7 Kg/ha (equivalent to 99.87 
Kg Niha). 
After sowing and application of fertilizer, all plots 
were irrigated lightly over the next few days to counteract 
the spell of dry weather which ensued, and encourage 
germina tion. 
A further variable was introduced in the form of 
herbicide after the wheat had developed to the three leaf 
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stage. Earlier application would have had an adverse 
effect on germination. The herbicide used was a selective 
weedkiller with the brand name nVerdone". This is an 
I.C.I. product containing a mixture of Mecaprop 
(2-(4-chloro-2-methylphenoxy)propionic acid) and 
2,4-dichlorophenoxy acetic acid as a dimethylamine mixture. 
The treatments were distributed within the lysimeters 
as shown in Fig. 8.6 and continually monitored from a 
short while prior to sowing in mid April 1975, through to 
the completion of the 1976 season, for both additions and 
losses of nitrogen. Soil drainage water was analysed and 
recorded, nitrogen inputs by surface fixers estimated, 
fertilizer additions noted and soil profiles analysed at 
intervals for total N composition. 
Finally, an inoculum of the blue-green alga Nostoc 
ellipsosporum (grown in liquid culture - see section 2A) 
was applied to some of the treatments using a back-pack 
sprayer with a coarse nozzle. The inoculation was-carried 
out after the wheat canopy had closed over, thus reducing 
the likelihood of desiccation of the newly applied cells. 
N. ellipsosporum, also used by Witty in his studies at 
Luton, was chosen because of its fixing ability and its 
preference for basic soils (Cameron and Fuller, 1960). 
E) GENERAL FIELD TRIALS I RESULTS 
The amount of construction work required to set up 
this lysimeter project only allowed a two year trial to be 
carried out within the time allocated for this study. 
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PLOT A 
1 2 
AHN HN 

A =algal inocula 
4 3 H =herbicide 
N =ammonium nitrate 
C H C =control 
, 
PLOT B 
1 2 
C AH 
4 3 
A A 
Fig. 8.6 
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Results are always more acceptable from long term field 
studies, but the author believes that there are many 
important facts to be gleaned from this relatively short 
experiment, which could not have been greatly strenghthened 
from longer observations. 
The use of blue-green algae as a biological system 
for the improvement of soil nitrogen status, raises a 
number of questions, many of which have still not been 
answered. Many of the results from this programme of work, 
. offer optimistic conclusions for future involvement of 
the algal inoculation system in agriculture. However even 
though the species of alga used is an indigenous one, the 
climatic conditions experienced during the term of the 
project give a very unpredictable picture of their future 
in the agriculture of temperate climes. 
The conditions necessary for the optimum growth of the 
blue-green algae are adequate moisture and warmth 
accompanied by light and nutrients. Most of these require­
ments are met by a temperate summer, but from the summers 
of 1975 and 1976 one can see that moisture is greatly 
limiting for establishment of inoculated cells. Never­
theless caution is necessary when interpreting many of the 
observations made on surface fixation as an indicator of 
growth, because recent observations in the 'field have 
indicated certain deficiences in the field assay technique 
(section 8 (i)(c». 
There were several main lines of investigation 

involved in these field experiments; and these may be 
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considered separately for the two seasons. The overall 
nitrogen economy of the system will be summarised at the 
end. 
The nitrogen level in the lysimeters is determined 
by the following :-
Nitrogen input : Rainfall dissolved components 
Applied fertilizer 
Biological fixation 
Organic nitrogen from the algal inocula 
Cross-contamination from neighbouring 
treatments 
Grain nitrogen 
Nitrogen output: Drainage water 
Removal with harvested crop 
Denitrification 
(i) Nitrogen Input 
(a) Rainfall Jenkinson (1971) estimated aerial 
contributions to the soil nitrogen status whilst invest­
igating the total nitrogen economy of Broadbalk field at 
Rothamsted Experimental Station. He suggested figures of 
1.4 Kg.N/ha/annum as rainfall, a maximum of 13 Kg/ha/annum 
as dry sorbed ammonia and approximately 1.5 Kg.N/ha/annum 
as organic nitrogen in rain, dust and bird droppings. 
These figures are a guide to similar influxes on the 
1ysimeters of this investigation as the two areas are with­
in a few miles of each other, and there are no major 
industrial contributors close by. However because of the 
nature of the site, and the limited size of the plots, the 
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contribution by birds is likely to be slightly higher. 
(b) Applied Fertilizer Two of the treatments 
received nitrogen in the form of Ammonium nitrate 
fertilizer (Nitram). The rate applied, 285.7 Kg/ha., was 
based on normal practice at Rothamsted. The fertilizer 
was in a dry form and a single application was made at 
the time of sowing. 
The first season received far higher applications of 
'Nitram' than the second season, due to an error in 
calculation of treatment area, but served to act as a 
guide for possible cross contamination that may be 
experienced between treatments where no vertical separation 
is us:ed (see section 8E). 
(c) Biological Fixation One of the main aims of 
the investigation was to assay biological nitrogen fixatmn 
and to improve, where possible, the contribution to the 
nitrogen economy of the soil by biological systems, 
especially the blue-green algae. 
The eight treatments were assayed for nitrogen 
fixation using the technique devised by Witty (1974), (see 
section 2B). Each treatment had eight steel pots driven 
into the soil, randomly distributed between the rows of 
wheat, and not placed in position until the wheat had 
developed to a" height of 2-3 tr • The soil was already moist, 
but the pots were watered in, to ensure a good seal in 
contact with the soil, for subsequent gas injection. 
Sampling for N -fixation (i.e. acetylene-reduction)
2 
was carried out each week throughout the summer months 
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until the wheat was harvested, and at less regular 
intervals after that. 
Both the 1975 ~d 1976 seasons were drier tr~n 
average and were far from ideal for the establishment of 
blue-green algal colonies, even when inoculated onto the 
soil in fairly large volumes as with treatments Al, B2, 
B3 and B4-. 
It was disappointing that results from the 
acetylene-reduction assay revealed an apparent lack of 
N2-fixation for every occasion sampled throughout the two 
seasons. Observations of the soil surface between the 
rows of wheat indicated a distinct absence of visible 
blue-green crusts. 
Following the harvest of the crop in 1976, there 
appeared to be some algal establishment amongst the bases 
of the wheat stems, beyond the reach of the acetylene­
reduction assay technique employed. This area of the soil 
was more sheltered from desiecation by sunlight than the 
soil between the rows and there may well be a close 
relationship between algal fixation, N-release by the alga 
and uptake by the wheat (see section 4-), but was not 
detected by the weekly monitoring. The extreme variations 
in algal growth therefore suggest quite considerable 
inaccuracies in the acetylene-reduction technique used in 
many field trials. In order to gain accurate estimates of 
nitrogen fixation, great care should be given to the 
location of sampl~ng to overcome the problems of isolated 
algal populations on the soil surface. There is obviously 
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a limit to the number of samples that can be routinely 
assayed and the type of chamber used for field assays also 
makes it difficult to sample soil close to the base of 
the crop stems. 
Soil samples were removed from the control treatments 
in July 1975, and placed in trays, so that algal inocula 
could be observed under the controlled environment of the 
laboratory growth cabinets. The algae established very 
quickly and had given complete cover over the soil surface 
within 5-6 days. However, on microscopic examination, the 
filaments appeared to be lacking in heterocysts, and this 
suggested the levels of soil N to be in excess of that 
which necessitates algal nitrogen fixation. Soil cores 
removed from the trays and incubated in medical flats under 
10% acetylene (v/v) failed to produce ethylene and hence 
supported this suggestion. 
The levels of nitrogen in the soil samples removed 
from the control treatments during July 1975 were determined 
by soluble Nand Kjeldahl N analyses and the total soil 
nitrogen in the controls estimated. The nitrogen status 
of the controls had changed very little from samples of 
soil analysed at the commencement of the trial and the 
analyses suggested values of total nitrogen of 0.28% of 
air dry soil. This value is quite high and may well have 
been the reason for few heterocysts along the algal 
filaments. 
It is important however, to make the point that the 
nitrogen actually available for uptake by the algal cells 
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is by no means as high as the total N figures suggest. 
Soil removed prior to the 1976 season (March 1976) 
however, supported algal crusts in the laboratory, which 
were active in reducing acetylene (equivalent to 103 
ng e N2/cm2/hr.). Total nitrogen in the control lysimeters 
had fallen to 0.21% of the ai r dry soil and soluble 
nitrogen had fallen to a fairly low level. It was hoped 
at this time that fresh inocula of algae during the 1976 
season would need to fix atmospheric N2 for their own 
requirements and that acetylene reduction assays would 
yield positive results. 
(d) Nitrogen Introduced from Algal Inoculations 
Large quantities of liquid culture were grown in the 
laboratory for the inoculation of several lysimeter 
treatments. The method of culture is described in section 
2A. 
Before inoculation, samples of the culture were dry­
weighted and analysed for total organic nitrogen by 
Kjeldabl digestion, so that additions of nitrogen from 
inoculated media could be calculated (see Fig. 8.7). 
Five 1itres of a suspension of Nostoc ellipsosporum was 
applied to treatments AI, B2, B3 and B4, and the areas 
watered lightly for a few days to encourage growth and 
prevent desic~ation. 
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Treatment 1975( g.N,,) 1226~g.N.) 
Al 0.41 0·32 
B2 0 .. 41 0.)2 
B3 0.41 0.)2 
B4 0 .. 41 0.163 
Fig. 8.7 
Table of Nitrogen Additions from Algal Inocula: 
B4 was not given as much inoculum during 1976 because it 
was thought that slight algal establishment had occurred 
after an initial inoculation at the beginning of June. 
The other three treatments received a second inoculation 
at the beginning of July as no acetylene-reduction had so 
far been detected. 
Input of nitrogen by this means is obviously only a 
small contribution to the total. 
(e) Cross-Contamination from Fertilizer Treatments 
There was no vertical separation of the soil between 
treatments and so possible cross-contamination was possitiL~ 
The best way of detecting this was to compare the concen­
trations of certain elements carried out of the soil by 
leachate. 
The application of Ni tram to treatments Al and A2 in 
1975 was far greater than normal practice (tenfold), and 
therefore, as the nitrate ion is very soluble in rainwater, 
the levels of nitrate in the leachate water from Al 
(Nitram) and A4 (neighbouring control) served well to 
investigate the possibility of cross-contamination. 
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-s 
A4 and Bl were controls from separate lysimeters and 
leacha.te comparisons for these two treatments backed up 
the original suggestion that no lateral movement of 
nitrogen occurs in the soil and hence no contamination 
would occur from fertilized treatments. (For evidence of 
this statement see results of leachate-N records, section 
tai. ) • 
(r) H1:trQgszn Introduced a.s Grain All treatments 
'..tere ;SO~fm to spring wheat at a drill rating of 195.3 Kg/ha 
anti fore 0.073 Kg/treatment. 
total organic nitrogen calculated from Kjeldahl 
digestion s showed additions of 1.45 g.N/treatment. 
(1975 applications of wheat were ten times higher due to 
the error in calculating treatment areas, but did not 
affect the investigation. Al and A2 were re-sown 
in : to reduced germination as a result of the 
tillzer effects). 
ttf:ltment l2Z2 (g,N.) 1976 (g.N.) 
A1 15.51 1.45 
A2 15 .. 51 1.45 
14.51 1.45 
14.51 1.45 
14.51 1.45 
14.51 1.45 
14·51 1.45 
14·51 1.45 
ni,..~Ia 
li~£pIID ,lilP\1tfi !'rg; wti.n '\PRl.cation~ 
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(ii) Nitrogen Output 
(a) Drainage Water Nitrogen A continual record was 
kept of rainfall and of leachate flowing through the 
lysimeters, the leachate being regularly analysed for pH, 
nitrogen content and a few essential cations such as 
calcium and magnesium. The investigation was begun in 
March 1975 and all nitrogen removed in drainage water was 
monitored from that time on. 
The two control treatments have served as a guide to 
the background levels of N in the soil, and despite slight 
seasonal fluctuations, have remained at a fairly low level. 
The two fertilizer treatments however show an immense loss 
of nitrogen, especially as nitrate, with vast quantities 
never reaching the crop (see Fig. e.lO). (The nitrogen 
detected in the crop is dealt with later in this section). 
Fig. ~.9 shows volumes of leachate, flowing through 
the treatments relative to total accumulative rainfall and 
Fig. B.lO shows the variation in nitrogen content of the 
drainage water compared with treatment and season. The N 
figures are based on nitrate in the leachate as at no time 
during the investigation was soluble ammonia nor organic N 
detected. 
It can be seen that even though treatments were 
applied during April 1975, there were no noticeable inc~ 
in leachate N until October 1975. The dry summe~ had in 
any case reduced the amount of leachate flowing through 
the system, and more than 10" of rainfall had drained 
before any significant variation in soluble nitrate wa~ 
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noticed. 

The two fertilized treatments show a far higher loss 
of nitrogen than all other six areas, indicating the 
. 
extreme wastage of applied fertilizer. The release of 
nitrate from the controls is a good indication of the 
steady, quite small, removal of nitrogen from the soil 
reserves both as exchanged and organically bound forms of 
nitrogen. 
All eight treatments gave almost identical leachate 
N03- N values from the time of construction of the 
lysimeters until October 1975 (six months after fertilizer 
was applied to Al and A2), but no leachate had flowed 
through the system for the months of May to September. 
Al and A2 had both received large quantities of 
Nitram in the first season and this was certainly reflected 
in the leachate from those treatments from October 1975 
onwards. These two treatments resembled each other very 
closely with respect of leachate analyses throughout the 
two years of the trial. 
A3 received herbicide, and gave a slight increase 
over the controls of 3 - 5% NOJ-N in leachate from 
December 1975, this being explained by reduction in plant 
uptake resulting from reduced plant cover. 
Both controls were left untreated except for sowing 
to spring wheat. The two areas were in separate lysimeters, 
and yet gave almost identical leachate analyses both for 
volumes and composition of the drainage water. They are 
therefore plotted in Fig. 8.10 as a mean of the two 
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treatments. 

B2 showed no significant differences from the control 
mean even though herbicide and an algal inoculum had been 
applied. 
B3 and B4 were identical treatments, namely an 
inoculum of Nostoc elli~sos~orum, and resembled each other 
closely throughout the project.. They were however not 
significantly different from the controls with respect of 
their nitrogen content of leachate. 
(b) Nitrogen Losses in Harvested Cro~s Two harvests 
were taken over the course of the project and the results 
are expressed below :­
1. Cro~ Yield Results for 1975 The wheat was netted 
against bird attack as soon as ear forma tion commenced and 
was harvested when all treatments appeared uniformly ripe. 
They were harvested (at the end of August) and laid out 
on benches in the laboratory to dry. 
Scissors were used for harvesting so that stems could 
be cut at controlled distance (1") from the soil surface 
and all other vegetation was "left to be Itploughed back" 
in the autumn. 
After one week on the laboratory benches, the comp1~e 
crop was dry weighted to gain values for crop yield per 
treatment (see appendix VIII). Excess application of 
fertilizer at the start of the 1975 season had affected 
germination on treatments A1 and A2 and therefore total 
yield comparisons were not strictly valid. To enable sat­
isfactory comparisons, batches of 200 individuals were 
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taken !or dr.y weighting~ each treatment having four 
200 pla.nts removed at random from the to 
(!'e~nl1ts In appendix VIII). 
rlg~ 8.11 shows the effect of excess fertilizer 
tion on the growth of wheat within those treatments 
~ seil-N" levels were higher and the plant densi ty was 
1m>]61" due to reduced germina tien frequency. IndividuB,l 
plants were, therefore subject to less competition and 
therefore appeared far more robust. 
Fig, 8.,11. 

%be effe~ti Q;£ blgn tertiIiz!;lr application on the growth 

~rult in _t1"eaj:;m~nts Al and A2 guring 1975 ~R.HG halt: 

.Qj'~? ;Lm\i t 61" ) 

FigQ 8.12 shows a comparison between the dry weights 
of individual plants removed from the different treatment 
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areas and is based on the mean dry weight from BOO 
individuals per treatment. 
An analysis of variance was performed on the crop 
dry weight values to see if any significant differences 
existed between treatments (the two controls and two algal 
inoculated treatments were considered as individual data). 
The results from this test indicated considerable 
differences and· justified further statistical investigation. 
The "Newman-Keuls mul tiple range test" (Newman, 1939 and 
Keuls, 1952) was employed and the eight treatments were 
tested at the 5% (*), 1% (**) and 0.1% (i*') levels of 
significance. The results listed in Fig. ~.13 group all 
treatments with no significant differences from each other 
and the groups on the L.R. side are those with the lowest 
plant weights. 
Control treatment A4 was significantly lower than 
control Bl, even at the 0.1% level, although the actual 
difference was not enormous. The two algal treatments did 
not show significant differences from control Bl, even at 
the 5% level, for both straw and ear weight. 
Treatment Al gave the highest dry weights for straw, 
but not for ears where B2 (herbicide + algal inoculum) 
gave the highest dry weight values. 
The presence of algae on B2 and Al appears to have 
improved both straw and ear weights, in the presence of 
herbicide, at the 0.1% level of significance. Witty (1974) 
suggested that the absence of herbicide enhanced nitrogen 
fixation by blue-green algae, due to increased soil 
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Fig. 8.12 
Comparison of the Mean Dry Weight per Individuals 
Ca culated from the Mean Wei~ht of 800 Indiviudals 
Remoyed from the 1975 Harvest 
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Fig. 8.13 
Results from the "New.an-KeulS Multiple Range Test" 
Showing Treatments with Significant Differences at the 5% 
(*),1% (>II.) and 0.1% (u.) Levels. All Results are Based 
on the Mean Dry Weights for Individuals Taken from Mean 
We"ights of 800 Samples for the 1972 Season 
A. 	 Whole Plants 
... A4 B3 B4 BI A3 B2 A2 Al 
M 
** A4 B3 B4 Bl II B2 A2 Al 
*** A4 B3 B4 BI !l B2 A2 Al 
B. 	 Straw 

... A4 B3 E4 BI !l B2 A2 Al 

.* ~ B3 B4 BI A3 B2 A2 Al 
*** A4 B3 B4 BI A3 B2 A2 Al 
c. Ears 
Bl B4 A3 Al A2 B2
• 	 A4 B3 
Bl B4 A3 Al A2 B2
.* A4 B3 
BI B4 A3 Al A2 B2
.... - A4 B3 
N.B. Treatments showing non-significant differences are 
underlined in groups and overlapping between groups 
suggests that, at that particular level of significance, 
the multiple range test was not accurate in determining 
to which group the treatment belonged. 
The dry weights for plants from the respective treat­
ments are displayed in ascending order of magnitude. 
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moisture, and one might therefore have expected some 

increases in crop yield from those plants in non-herbicide 
treatments. However it is most likely that weed compet­
ition normally negates any possible increases in crop 
yield from increased nitrogen fixation. 
2. Crop Yield Results for 1976 The 1976 harvest was 
treated in the same manner as that of 1975 but, the 
application of fertiliz.er was much reduced and therefore 
total yield comparisons were possible. 
Fig. 8.14 shows comparisons of total dry weight yields 
for all eight treatments and Fig. 8.15 compares the same 
treatments for their mean dry weight values for individual 
plants (taken from the mean dry weight of ~OO samples). 
The dry weight values were again analysed for 
significant differences between treatments, using simple 
analysis of variances followed by the multiple range test, 
and the results displayed in Fig. 8.16. 
The crop yields and individual dry weights differ ~m 
those of the previous year (1975), but may be considered 
as more representative of true agricultural production. 
The results shown in Fig. 8.14 give the ratios of 
straw and ear dry weights and high total yield does not 
always indicate the best production of ears. 
The highest yields came from the treatment B2 (algal 
inoculum + herbicide) and individual plants showed the 
ratio of straw: ears to be relatively low for this treat­
ment. The effect of the algal inocula appears to have 
been similar to that of Nitram application in A2. The ear 
151 

--
Fig. 8.14 
i 1"'. n-P"".t., V· l.--'l D '.1 i ht.£'O 11 Ei ht 
Tree tment 1$ from th~ 127 6 Ha.r"flest 
·
CQm:pp,r ... ~,-,n x~~O'&J . ... +e u ry l'Ie~g S .Lor a g 
5:3 EAR WT. 
D SfRAW WT. 
-
... 

... 

"­
. 

en 
~ 
.e>. 
Cl. 
0 
\..., 
u 
-
d
-
f!. 

1 2 34 1 2. 3 4 
A 8 
Treatments 
152 

- ---
Com 
er Individuals 
of BOO Individuals 
5:3 EARS 
D STRAW 
......... 

-
-
0 .... 
.1 
Z Z 0 0 
... .. 
'- '­
...... ~ 
:I: :r: I c: C. :r: 0-\ + 0 0 + 
« U () « <t <t 
0"'-..........--­
1 2 3 4 1 2 3 " 
A B 
Treatments 

153 

Fig. 8.16 
Results fr9ID the 'Newman-Keuls Multiple Range Test' 
Showing'r:reatm~nt~ with SiggLficant Differences at the 5% 
(*), 1% 	 ( u) and 0.1% ( .. >It) levels. All Results are Based 
QD the Me~n DIl W§ight per Indlvidual, Calculated from 
ttle 11~sa:n W~l.gbt 9: (jOO SamJ,;ll§ts from the 1976 Season 
A. Wlig].<;1 PlaDt~ 
.. ~ Blt Bl A3 A4 Al B2 A2 
*. !U. 134 Bl AJ A4 Al B2 A2 
..... !!l B4 BI A3 A4 Al B2 A2 
B. 	 gt@¥ 
.. Al 134 BI B~ B2 AJ A2 A4
-

*. Al
-
B4 Bl B3 B2 A3 A2 A4 
.... g 134 BI B3 B2 A3 A2 A4 
c. 	 brs 
.. A4 B4 Bl B2 A2 AlIII AJ 
•• 	 A4- B4 Bl B2 A2 Al~3 lt3 
..... BJ .13 A4 B4 Bl B2 A2 Al 
As for 	Fig. {i.13, treatments showing non-significant 
dlfferer..ces are underlined in groups and overlap occurs 
test proves inaccurate in determining to which'Where the 

group a particular treatment belongs. 
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dry weights were significantly higher than herbicide 
alone, though not true for straw. 
The two controls, A4 and Bl, were both similar in 
total y-ield and in the dry weights of individual plants. 
B3 and E4 (algal inoculum) differed with respect to 
total yield and individual weights. The straw weight was 
not however significantly different at the 5% level 
although the ear weight per individual did differ at the 
5% level, but not a t the l~i) level of si gnificance. 
Treatments Al and A2 gave similar total yields, but 
showed differing weights for straw and ears per plant. 
'£he influence of algae in treatment AI, compared wi th the 
absence in A2, is to have improved the ear production 
relative to straw. 
3.. QI'2p-N:1tr9~€W ~evel§! for the 1975 Harvest When 
considering the distribution of nitrogen within the crop, 
the ear-:i is most important economically as a measure of 
protein content .. 
Total crop nitrogen was analysed for all eight 
treatments using the Kjeldahl digestion technique followed 
by colorimetric ammonia determination. The results (see 
appendix V'III) are represented in terms of crop-N per 
individual, though total crop nitrogen values are essentlal 
for estimates of total nitrogen balances. (The 
reproducibility of the Kjeldahl technique followed by 
ammonia detsrmil"l.8. tlon was found to be :: 1% and therefore 
only two rep11c a te samples were used for each determination.) 
Fig .. 8 .. 17 shows the comparison of nitrogen distribution 
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in spring wheat from the treatments harvested in 1975. 
The nitrogen figures are based on the mean dry weights 
for individuals taken from estimates on 800 samples. 
The very large excess of Nitram applied to the 1975 
season (Al and A2) was almost entirely reflected in the 
straw~N figures and none in the ears. Herbicide (commqn 
to AI, A2, A3 and B2) appears to have enhanced the 
nitrogen uptake, compared with controls (A4 and Bl) and 
algal inocula trea truents (B3 and B4).. The application of 
algae in 1975 does not appear to have shown any signif­
icant effects on the crop nitrogen reserves. 
4. CtolJ-Nj. t regen Leyels for th~ 1976 Harvest As for 1915 
the wheat was analysed for nitrogen in both straw and 
ears after first obtaining dry weight values. Total 
n1 trogen figures were again recorded (appendix VIII) and 
these are shown graphically in Fig. 8.18. 
The presence of algae, due to inoculation, showed a 
definite enhancement in crop-N reserves over the controls 
and even gave improved plant-N levels compared with B2 
wh1ch had received herbicide in addition to algal inoculum. 
(This is more agreeable to Witty's proposals of higher 
f1xation rates beneath weed populations.) 
'When considering the distribution of nitrogen within ' i 
the individual plant, it 1s better to compare the nitrogen 
composition of individuals based on the mean dry weight 
of single plants, calculated from 800 samples (see Fig. 
8.19) .. 
~''X'om li'1g .. 8.19, 1 t appears that algal inoculation had 
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Fig. 8e18 
Comparison of Total Crop-N from Treatments Harvested 
in 1976 
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Fig. 8.19 
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Fig. 8.20 
Ni trogen Input for the 1975 and 1976 Seasons 
Inocula Grain Fertilizer N­N N Rainfall TotalN Fixation 
Al 
1975 0.41 15.~1 375.0 0.6 391.521976 0.32 1. 5 37.5 0.6 39.87 
A2 
1975 15.~1 375.0 0.6 391.111976 1. 5 37.5 0.6 39.55 
A3 
1975 14.51 0.6 15.111976 1 .. 45 0.6 2.05 
A4 
1975 14.~1 0.6 15.111976 1. 5 0.6 2.05 
Bl 
1975 14.~1 0.6 15.111976 1. 5 0.6 2.05 
B2 
1975 0.41 14.~1 0.6 15.521976 0·32 1. 5 0.6 2.37 
B3 
1975 0.41 14.~1 0.6 15.52 1976 0·32 1. 5 0.6 2.37 
B4 
1975 0.41 14.~1 0.6 15.52 1976 0·32 1. 5 0.6 2.37 
All values are in gm. nitrogen. 
No fixation was detected using the acetylene-reduction 
technique described in section 2. 
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Fig. 8.21 
Nitrogen Oyt:gut for the 1975 and 1976 Seasons 
Leachate N Crop N Mean Output For Total N Two Y~ars 
Al 1975 167.78 2~.2 192.981976 422.56 630.34/2=315.171 .8 437 .. 36 
A2 1975 170.04 36.63 206.341976 410.41 631.15/ =315.58 14.4 424.81 
A3 1975 109.25 32.9 142.151976 116.69 10.9 269.74/ =134.87 127.59 
A4 1975 106.92 28.8 135.721976 105.02 251.44/ =125.72 10.7 115.72 
Bl 1975 107.81 28.7 136.51 218.97/ =109.49 1976 73.28 8.9 82.18 
B2 1975 105.57 29.1 134.67 217.13/ =108.571976 69.06 13.4 82.46 
B3 1975 112.51 31.0 143.51 231.4/ =115.71976 72.29 15.6 87.89 
B4 1975 111.96 32.4 144.36 236.58/ =118.29 1976 76.62 15.6 92.22: 
Differences between the two controls A4 and Bl results 
mainly from reduced 1eachate~N from the Bl treatment 
during the months October to December 1976, when 
abnormally high rainfall could have been the cause of 
unreal variation between replicates. 
A3 gives quite high values for leached-N during 1976 
and may be an indicator of the effect of herbicide on 
increased leaching of soluble cations. 
IDuring 1976, especially the early months, Al and A2 
show leaching of nitrate which had been left behind from 
treatments in 1975. 
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an effect on the quantity of nitrogen incorporated into 
both straw and ears as compared with plants grown in the 
absence of any treatments. The plants harvested from B3 
and B4 (algal inocula only) were as rich in nitrogen as 
those grown with Nitram fertilizer and better than those 
receiving herbicide application. 
(c) Denitrification Losses From all the records 
of nitrogen input and output, a balance of total nitrogen 
movements was drawn up (see Figs. 8.20 and 8.21). These 
values were then compared with estimates of soil-nitrogen 
made throughout the two years to see if all forms of 
nitrogen gains and losses could be accounted for. 
At the start of the two year trial, the total volume 
of soil in each treatment was calculated, and dry weight 
estimates made for a number of fairly large soil samples. 
From these estimates and those of soil-N determinations, 
the nitrogen content of soil for each of the eight treat­
ments was estimated. (Fig. 8.22) 
Fig. 8.22 
Table of Soil-Nitrogen Estimates for the Eight Treatments 
at the Start of the Two Year Investigation 
Vol. Kjeldahl N.Soil Dry Wt. Total NTreatment (Organic + Nitrate-N(Kg. ) (Kg. ) (eu.Metres) Ammonia) 
2.475 2464.0 0.282% 0.003% 7·02 
At this stage in the lysimeter construction (early 
1975), the soil was fairly homogeneous and so analyses were 
performed on a series of random samples taken from surface 
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layers rather than from profiles within the different 
treatment areas. 
Later estimates of soil-N were made from samples 
taken from three profiles (0-20 cm., 20-40 cm" and 40-66 
em.) and comparisons drawn between profiles and treatments 
(see appendix VIII). 
The soil-N levels found at the end of each season 
are shown in Fig" 8.23. 
It 15 perhaps better to consider the total nitrogen 
lost fQr the two year period rather than individual 
Seasons because the fertilizer applied to Al and A2 
remained well into the 1976 season and therefore caused 
an unreal cbange for each separate year. 
The two controls A4 and Bl showed the greatest nitrogen 
loss, whilst the least soil-N loss was seen in the Nitram + 
Algal treated AI. 
Treatments B2, B3 and B4 all received algal inocula 
and all three show significantly more soil -N in the final 
analysis than the two controls. 
The values from Fig. 8.23 reveal a large discrepency 
between the actual levels of nitrogen remaining and those 
expected from the nitrogen balances derived from the 
records shown in Figs. 8.20 and 8.21. This discrepency 
1s partly due to inaccuracies in soil-N analyses and partly 
due to dem trlfication losses. 
With the facilities available, measurements of 
deni triflce.tion were not practicable. However it was hoped 
that records of soil nitrogen, taken throughout the project 
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Fig. 8.23 
Table of the Changes in Soil-Nitrogen Levels Throughout 
The Two Years of the Investigation 
Treatment Initial End o.f End Of Total LossesNo. Soil - N 
(gm.) (~:~ gm.) (gm. )~
Al 70.20. 5716 50.93 1927 

A2 70.20 6040 4633 2387 

A3 70.20. 5580 4733 2287 

A4 70.20. 5250. . 4343 2677 

B1 7020 530.5 4496 2524 

B2 70.20. 4900. 4876 2144 

2114
B3 70.20. 5280. 490.6 

2254
B4 70.20. 4870. 4766 

164 

Fig. 8.23 
Table of the Changes in Soil-Nitrogen Levels Throughout 
!he Two Years of the Investigation 
Treatment Initial End Of End Of Total LossesNo. Soil - N 
(gm. ) (~~~ ~ gm .. ) (gm. ) 

Al 70.20 5716 5093 1927 

A2 7020. 60.40 4633 2387 

A3 7020 5580 4733 2287 

A4 70.20 5250 4343 2677 

Bl 70.20 5305 4496 2524 

B2 70.20 4900 4876 2144 

2114
B3 70.20 5280 4906 

2254
B4 7020 4870 4766 
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together with estimates of nitrogen inputs and outputs, 
would give an indication of the levels of denitrification. 
The major objection to this form of evaluation, is the 
high background levels of nitrogen which render figures 
for leachate-N and crop-N so small when compared with the 
background, and thus fluctuations in nitrogen are 
impossible to determine accurately. 
Soils in natural systems show a definite profile 
structure which was not exhibited by the soil within the 
lysimeters used for this investigation. It was thought 
therefore that any subsurface activity by the micro floral 
fauna could have been very different from those of the 
natural situation. 
Denitrification is an anaerobic process which is more 
likely to occur in waterlogged soils and within lower 
profiles in the soil than at regions nearer the surface. 
It is possible that the homogeneous system provided by the 
lysimeters could have been a better environment for 
denitrifying populations, and hence higher levels of 
denitrification, than would normally occur. An estimate 
of denitrifying populations was therefore carried out on 
the lysimeter soil to gain some idea of denitrification 
activity. 
(iii) 	 Estimate of the 'Most PrObable Number' (M.P.N.) 
of DenitrifYing Organisms 
Soil cores were removed from the various treatments 
at three different profile depths (0-20, 20-40 and 40-66 
cm.). The cores were removed from random sites within 
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---
the treatment ,and bulked for each profile prior to the 
estimation of denitrifying populations. 
The method used for this estimation was that of 
Alexander (1965) as described in section 2F. Five tubes 
w.ere taken for each tenfold dilution and an increase in pH 
together with gas formation (by N03- ~N20 and/or N2) in 
the culture tubes were the criteria for denitrification. 
Positive readings were recorded for any tube which 
showed vigorous gassing and alkaline pH, and the records 
subsequently converted to 'most probable number' estimates. 
Fig. 8.24 shows results obtained from three treatments, 
which were used to prepare a dilution series of soil 
extracts, cultured in the selective media (see appendix 
VIII), and the number of tubes with positive signs of 
denitrification recorded. 
Number of Tubes Showing +ve 
Treatment Profile Signs of Denitrification for 
Dilgtion Seri~s 
10-2 10-3 10-4 10-5 10-6 
Al a 5 5 4 2 0 
b 5 5 5 0 0 
c 5 5 3 0 0 
Bl a 5 5 3 2 0 
b 5 5 5 1 0 
c 5 5 5 2 0 
B4 a 5 5 1 1 
b 5 5 ~ 0 0 
c 5 5 5 2 0 
These results were converted to M.P.N. using the 
statistical tables devised by Cochrane (1950) for 
estimating bacterial denSity. 
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The estimated most probable numbers obtained from the 
table above (Fig. 8.24) are given in Fig. 8.25 : 
Fig. 8.25 
Treatment 
o - 20 cm. 20 
Profil~s 
- 1+0 cm. 40 - 66 cm. 
A1 2.8 '" 104­ 2.9 '" 104­ 0.99 • 104 
B1 1.8 • 104 . 4.2 ... 104­ 6.3 ... 10~ 
B4 59·3 ,., 104­ 1.8 ,., 104 6.2 ,. 104 
These values were typical of estimates for all treat­
ments and show estimated populations of a similar order 
of magnitude for all treatments and all profiles. When 
95% confidence limits were applied (derived from Cochran's 
tables - Cochran, 1950) a very broad scatter results : 
Constant derived from 95% confidence tables = 3.3 
e.g. treatment B4, profile a. 
most probable number estimates are within the range 
(59.3)(3.3) .-.= 195.7 * 104 and 
= 17.97 '" 104 
The author therefore suggests that the above estimates 
of M.P~N. indicate high levels of denitrification for. all 
treatments, and at all depths within the soil. Estimates 
varied very little for the few occasions sampled and 
probably account for the high losses which may not have 
been experienced if the, project had been carried out on 
undisturbed soil. 
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(iv) Discussion of Results 
S.oil nitrogen balances are extremely difficult to 
estimate, even with modern, sophisticated equipment, and 
large discrepencies from lysimeter studies often prove 
difficult to explain. 
This study was designed to investigate algal contrib­
ution to soil nitrogen reserves, both by acetylene 
reduction measurements and by the regular monitoring of 
soil nitrogen levels. However, the nature of the lysi­
meters meant that not all forms of nitrogen could be 
accurately determined and therefore parts of the ensuing 
discussion must be based on incomplete evidence. 
There are two major pieces of evidence available from 
this study, namely improvements in crop-N from those 
treatments receiving algal inocula, and increased soil-N 
levels in the same treatments compared with controls. 
There are a number of contributory factors to any of the 
results obtained by this author and they are discussed 
below. It would have been unlikely that they gave any 
contribution by themselves, but rather formed interactions 
with each other to provide one overall effect • However, 
for ease of discussion they are dealt with separately: 
(a) The Control Treatments employed in this project, 
one for each lysimeter, gave indications of the soil 
nitrogen contributions from untreated areas. They 
received no fertilizer nor herbicide and nitrogen inputs 
to these controls could only have arisen from indigenous 
biological systems. The crop·, had to compete with a native 
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weed population for its nutrients and were therefore 
expected· to provide data by which comparisons could be 
made for all ether treatments. 
The two controls behaved similarly throughout the two 
years of investigation, with very small (though statist­
ically significant) differences in the mean dry weights 
per individual from the 1975 harvest. Replication was far 
better for the 1976 season and therefore each control 
provided a good basis for comparison. 
(b) Nitram has long been used in agriculture as a 
fertilizer for a vast range of crops and grassland. It 
1s a granular form of ammonium nitrate, which is very 
soluble in water, and hence easily availabl~ to the crop. 
The NE4 + ion is usually exchanged onto the soil particles, 
-whereas the N03 ion stays in solution and is quickly 
lost from the system in leachate water. 
Nitram is more usua~ly applied in split applications 
at the crucial stages during the crop's development, but 
this is costly to the farmer both financially and in terms 
of man-hours. For the purposes of this study the fertil­
izer was applied as a single dressing at the time of 
sowing i.e. combined drilling, and its effects compared 
wi th that of algal inoculation experiments. 
Ni tram application led to good dry weight yields being 
recorded from treatments Al and A2, but the main effects 
were felt earlier in the season at the time of straw 
development, this being reflected by high ldvels of straw 
nitrogen and low levels of nitrogen in the ears. 
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(c) Herbicide application is a recognized means of 
reducing competition for soil nutrients and hence 
improving crop yields. These studies show improvements 
in crop yield of approximately 8% over non-herbicide . 
treatments, though as for the fertilizer effects, the main 
improvemants were with regard to straw rather than ear 
weights. In 1976 however, the mean dry weight per 
individual was not improved significantly by herbicide 
application, even though total yields were greater. 
With regard to nitrogen incorporation, there was a 
contradiction between the 1975 and 1976 seasons. In 
1975, herbicide treatments show marked improvements in 
plant nitrogen, especially in the ears, whereas the 
harvest from the 1976 season showed very slight trends 
towards reduction in plant nitrogen as compared with 
controls. 
(d) Algal Inoculation in Addition to Nitram is better 
considered on the 1976 harvest alone, since the excess 
Nitram application at the start of 1975 'swamped' all 
other factors. Blue-green algae will only fix atmospheric 
nitrogen under conditions of low levels of available 
nitrogen, because nitrogen fixation places a high demand 
on metabolic energy supplies. Algal inoculation, not 
surprisingly, shows little or no effect on crop yield nor 
crop nitrogen composition. 
(e) Algal Inoculation in Addition to Herbicide is a 
somewhat different matter, because there are a number of 
separate interactions to be considered. 
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Witty (1974) gave evidence to show that blue-green 
algae, on the soil surface, fix atmospheric nitrogen at 
considerably higher rates when weed populations are left 
untreated with herbicide. The increased shelter allows 
longer retention of surface moisture and therefore permits 
better rates of fixation. Witty did not notice any direct 
inhibition of algal fixation due to the herbicide used, 
though some workers do report varied responses to pestic­
ides and herbicides (Venkataraman and Rajyalakshmi, 1972 
and Singh, 1973). 
One must therefore consider the benefits of herbicide 
application to crop yield improvement as opposed to 
untreated crops where algal fixation may benefit the 
nitrogen uptake by the plants. 
The us e of algal inoculation on the herbicide treat­
ment,.. B2, certainly showed increases in crop yield over 
treatment A3 which had only received herbicide. The 
yields achieved from treatment B2 was comparable with the 
industrially produced fertilizer treatments, Al and A2. 
The presence of algae also gave improved ear-N 
incorporation, compared with controls and herbicide alone, 
and revealed the benefits of algal inoculation to a crop 
at the time of ear maturation. 
(f) Algal Inoculation alone, treatments B3 and B~, 
showed virtually no effects o~ crop yield, but did increase 
the nitrogen composition of the wheat considerably. In 
particular, ear nitrogen was increased by as much as 46% 
over controls. 
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Total crop nitrogen, from B3 and B4, was approximately 
7% higher than the fertilized treatments (AI and A2) in 
1976, whilst being as much as 60% higher than the mean 
value for the two controls. 
F) SUMMARY 
It therefore appears from these studies that 
inoculations of blue-green algae onto alkaline, temperate 
soils, will contribute significantly to crop nitrogen 
reserves. Yields of wheat from treatments receiving algal 
inocula in conjunction with herbicide·can compare favour­
ably with wheat given an initial application of 99.87 Kg. 
N/ha/yr. in the form of ammonium nitrate. 
These results however, are not backed by acetylene 
reduction assays (due to the unfortunate climatic condit­
ions prevailing during the summers of 1975 and 1976), and 
therefore such suggested algal contributions still require 
further collaboration, especially by 15N tracer studies. 
The soil used in these lysimeter studies was high in 
organic nitrogen and part of this reserve was lost each 
year by copversion to inorganic nitrogen and subsequent 
removal by plants, leaching and gaseous diffusion. Plots 
on Broadbalk (Rothamsted), with about 3100 Kg. organic Niha 
in the top 23 cm. lose at most 1.5% of the soi1-N per year 
(32 Kg.N/ha/yr. in crop and 13 Kg.N/ha/yr. in winter drai~ 
age). (Jenkinson, 1971) 
In comparison, the two controls A4 and Bl, began the 
investigation with the equivalent of Ib720 Kg. organic 
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N/ha. in the soil and lost an average of 6.951~ of soil-N 
annually, but only 1.6B% of this was accountable in the 
crop and leachate nitrogen (51.l.r Kg.N/ha/yr and 262.02 Kg. 
N/ha/yr. respectively). It appears therefore that if the 
soil is high in organic nitrogen reserves, greater loss 
is likely as: a result of denitrification (or other such 
unaccounted for processes) than in soils of lower organic 
nitrogen status. 
The large losses experienced by this author (assumed 
to result from denitrification) were not replaced by any 
of the treatments used and therefore all yields reported 
from this investigation are only relevant to soils fairly 
rich in organic nitrogen and may show marked contrast to 
observations on soils which possess very little organic 
material. 
Results from Broadbalk stUdies at Rothamsted do give 
an insight into biological nitrogen fixation on a soil low 
in nitrogen and suggest that, unlike inferences made here, 
algal fixation cannot support crop yields of equal size 
to those of manured and fertilized plots. It is probable 
therefore that ,the large pool of background nitrogen in 
the lysimeters, buffers any effect of large losses and 
may cast some doubt on the value the author places on 
contributions made by algal nitrogen fixation. 
Possible interactions between wheat and alga, to adlleve 
a continual release of N by the algal cell and subsequent 
uptake by the wheat roots, are a possibility, but are 
pure conjecture and far from proven. 
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SECTION 9 

GENERAL DISCUSSION 
Since the work of Frank (1889), some extensive research 
bas been carried out into the nitrogen fixing ability of 
blue-green algae. It has always been difficult to 
measure the exact contribution by blue-greens to the 
nitrogen economy of the soil but many estimates have been 
made for a wide range of habitats. 
The work of this thesis has been mainly concerned with 
Nostoc ellipsosporum and its role in the nitrogen cycle. 
This species is indigenous to many local soils, and is ~11 
known to be active in nitrogen fixation both in the 
laboratory and on temperate agricultural soils. However, 
inoculation onto the 1ysimeter soils proved difficult to 
establish, even though laboratory cultures readily grew 
on soil removed from the trial area. 
The greatest enigma with such stUdies as these must 
surely be in the determination of the actual nitrogen 
. 
release to the soil relative to that fixed by the cell, 
and the amount actually available to higher plants during 
their growing season. Cell lysis will undoubtedly release 
nitrogenous compounds to the substrate, but actively 
growing cells within a population do not necessarily 
release a continuous supply of extracellular nitrogen to 
their surroundings. 
Laboratory stUdies such as those described in section 
~ suggest no large release of nitrogen, by actively growing 
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populations of N. ellipsosporum, to their medium, but 
rather utilize their own fixed nitrogen for growth. 
Nitrogen fixation requires the use of large cellular 
energy reserves and therefore will only be in operation 
at times when the blue-green algal cell is not supplied 
with adequate nitrogen from soluble materials within the 
substrate. Algae grown in low-nitrogen media do not 
appear to fix atmospheric nitrogen continuously, but 
rather to operate on a definite cycle of approximately 4~ . 
hours duration. The algae were grown and maintained under 
a continuous light regime and therefore the cycle is 
probably controlled by some means other than light. If 
the control is intracellular, the observations made by 
this author appear to contradict those of Hood et a1 (1969~ 
Fogg (1952), working with liquid cultures, found 
relatively high levels of extracellular, combined N, and 
workers such as De (1939), De and MandaI (1956), Singh 
(1961), Watanabe and Yamamoto (1971) and Venkataraman 
(1973) all agree on the importance of the blue-green algae 
to the n1 trogen economy of paddy fields in the tropics. 
Froggattet al (1972) and Witty (1974) worked with algal 
inocula-t10n experiments on "Great Field" at Rothamsted 
Experimental Station, Harpenden, Herts.and achieved good 
rates of nitrogen fixation by the resulting populations. 
Witty, however admitted that these fixation rates were ally 
about one half of the fixation rates for indigenous popul­
ations on Broadbalk field (also at Rothamsted). He 
suggested that inoculation did not provide sufficient 
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numbers of algae to compare with the numbers of akinetes 
built up throughout the long history of Broadbalk. 
In spite of irrigation, the lysimeter experiments 
carried out by 'this author, during 1975 and 1976, suffered 
drastically from the extraordinarily dry summers. The 
inocula of N. ellipsosporum failed to establish on the 
soil between the rows of spring wheat, and failed to show 
positive evidence of acetylene reduction throughout the 
two years of investigation. Crop nitrogen measurements 
however, did suggest algal contributions in those treat­
ments receiving inocula. 
The crop yield from algal inoculated soil was not 
significantly different from the control treatments, but 
the nitrogen composition of the wheat was greatly improved 
by the presence of blue-green algal cells, with ear­
nitrogen being as much as 46% higher than the two controls. 
Total crop nitrogen, for the algal inoculated treatments, 
was approximately 7% higher than the fertilizer treatments, 
whils t being 60% higher than the mean value for the two 
control treatments. 
The combination of ' algal inocula and herbicide shows 
substantially improved nitrogen content of the crop and 
was the best treatment in respect of crop dry weight and 
of ear nitrogen. 
The chambers used for the in situ acetylene reduction 
assays are such that they can only be employed for 
measurements of soil populations between the rows of the 
cover crop. Using this technique, no positive evidence of 
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nitrogen fixation was obtained throughout the two year 
trial. However observations at the end of the 1976 
season (after harvesting the crop) showed clear signs of 
algal establishment on the soil within the confines of 
the wheat stems and was not therefore accessible to 
acetylene reduction assessment. Nitrogen fixation may 
well have occurred throughout the summer months, but had 
not been detected. 
Section 3 describes the ability of algal filaments to 
interact and suggests a possible "community rela tionshipll 
within soil populations. Surface filaments may fix 
atmospheric nitrogen and on death could supply the under­
lying filaments with combined, organic nitrogen. Only on 
death of the entire population, either at the end of the 
season or under periods of climatic stress, would the 
total nitrogen bound up within the community become avail­
able to contribute to soil reserves. Howev?r, in the 
close proximity of the wheat crop (where sheltered 
conditions favour algal establishment and subsequent 
growth), where soil-N reserves are maintained at a low 
level by continuous removal by plant roots, the algal 
crust may necessarily fix atmospheric nitrogen at rates 
close to maximum, and it may th,erefore be that some mutual 
relationship exists between the algae and the crop. 
More research needs to be carried out into ways of 
improving the conditions for algal growth and hence 
increasing the efficiency of blue-green algae as biological 
nitrogen producers. 
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Simple estimates of the annual growing season for 
N. ellipsosporum (section 7), show this particular species 
to be severely limited by the cold spring and autumn in 
this country. Species from cooler climates could 
possibly provide a means of extending the season during 
which nitrogen fixation is possible. In addition, recent 
agricultural techni~ues, where crops are sown directly 
onto unploughed soil, may permit faster establishment of 
indigenous populations. 
I believe that blue-green algae posess the potential 
to replace, at least in part, industrially produced, 
nitrogenous fertilizer, but methods of improving algal 
establishment, after inoculation or of indigenous species, 
still need to be found. 
POSTSCRIPT 
Inocula of N. ellipsosporum sprayed onto the soil of 
the author's garden has proved very successful in forming 
dense, actively fixing, populations beneath flowering 
plants. The algae have also shown remarkable powers to 
re-establish after having been I forked over' during the 
winter months. 
It may be that the use of blue-green alga'e as a source 
of nitrogen for plants may be more economically employed 
in horticultural rather than agricultural situations, 
where smaller populations are required and where soil 
moisture is regularly maintained. 
Crusts of soil algae are especially successful on the 
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soils of greenhouses where temperatures are higher and the 
atmosphere is often humid. 
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APPENDIX I 
~ALIBRATION OF SETTLING TIMES FOR SOIL PARTICLES 
FOR MECHANICAL ANALYSIS OF SOIL. (AFTER TANNER & 
JACKSON, 1947) 
• • 
-
-
Cal,i 2.t.J.:~$fittliol Times for' Particles of l-100t' 
~,~..:,>;i';;- At:' :rope ra tures Ranging from 160 _ 340 c 
L~r~,,!' Tanner & Jackson, 1942) 
particle size = 1- 100r 
Temperature = 16 -34C 
particle sp. Gr. =2· 65 
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... So 
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Caleula tion of Settling Times for Mechanical Analysis 
of Soil (Section 8) 
From the Calibration Curve (Tanner & Jackson, 1947), 
the length of time needed to settle out particles of a 
required size over a known depth, can be calculated 
(using Stokes' Law) :­
e.g. 	clay particles (2fA) :­
i) 	 At 20°C 

Settling time in secs ./cm. fall ':'. 2820 secs. 

or 2820 	 47 mins.=bO 
. 
• 
. if settle over 17 hrs. (overnight) ~ 17 x ~ 
::. 21.70 em • 
• •• only particles of 2fA or less will remain in the top 
21.7 	cm. of a separating column after 17 hrs. settling 
@ 20°C. 
i1) 	 At 18°C 
Settling time of 17 hrs. required 20.61 cm. fall to 
remove the 2r fraction. 
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APPENDIX II 
A. 	 CULTURE MEDIA FOR THE GROWTH OF BLUE-GREEN 
AL GAE IN LIQVID CULTURE. 
B. 	 MEDIA USED IN THE ESTIMATION OF MOST 
PROBABLE NUMBERS OF DEN-ITRIFYING BACTERIA • 
. 
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A. Culture Media for Growth of Blue-Green Algae in 
Liquid Culture 
The medium used for the bulk, liquid culture of blue­
green algae used for these studies was that of Allen and 
Arnon (1955), and the recipe is as follows: 
Macro-nutrient solution: 

Solution A =5.55 g./l CaCl2 + 23 g.. /I NaCl 

Solution B =12 g./l MgS04 

Solution C = 34.8 g./l K2HP04 

Micro-nutrient solution: 

This solution was prepared in the following proportions, 

based on the preparation of I litre. 

Fe (as EDTA complex) 4ppm = FeCI (11.6g.) + 25g.EDTA 

Mn (MnSo4 .4 H20) 0.5 ppm =2.03g. 

Mo (Mo03) 0.1 ppm = 0.15g • 

Zn (znS04 .4 H20) O.05ppm = 0.175g. 

eu (CuS04 05 H20) 0.02ppm =0.078g. 

Bo (H3BO)) 0.5 ppm =3.04 g. 

v (NH4V03) °.Olppm = o. 023g. 

Co (CO(N03)2 06 H20) O.Olppm = o.o492g. 
Ni (NiS04. 6 H20) O.Olppm =o.o446g. 
O.Olppm = o.o96g.Cr (cr2(S04)3K2S04.24 H20) 
W (Na 2W03) O.Olppm =O.OI79g. 
O.Olppm =o.o74g.Ti (TiQ(C 204)x Y H20) 
Final culture medium was a combination of the above 

solutions in the following proportions : 

v 

10 ml. of each of the three macronutrient solutions 
were added in the ratio of 10 ml./l but it was necessary 
to add them in the order of solution B, followed by A 
and finally C. To each litre of medium was finally added 
1 mI. m1cronutrients. 
(N.B. for sterile cultures the medium needed autoclaving, 
but to prevent precipitation of certain salts under high 
tempera ture, the solution C, containing phosphate, was 
autoclaved separately and the final additions made when 
the solutions had cooled.) 
The above medium was a nitrogen-free liquid medium 
which could have additions of potassium nitrate if required 
to speed growth of the culture, but the resulting algal 
filaments would have a much lower capacity for atmospheric 
nitrogen fixation due to the reduced need for heterocyst 
development. 
In addition to the use of the Allen and Arnon N-free 
medium being used for liquid culture, it could also be 
used for enabling algal 'colonies to be grown on solid 
surfaces, such as moistened sand or wet soil plates. 
VI 
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B. Estimation of the Most Probable Numbers of Denitrifiers 
in the Various Soil Profiles from Lysimeter Treatments 
The estimation for most probable numbers of 
denitrifiers was based on a technique used by Alexander 
(1965), employing Giltay medium and comparing results with 
tables of results quoted in the original paper : 
Medium used :­
The medium prepared consisted of a combination of two 
separate media A and B, as follows : 
Medium A - 19. Potassium nitrate (KN03) 
19. Asparagine 
5ml. of 1% alcoholic bromothymol blue solution 
solution A made up in 500ml. with distilled water. 
Medium B 	- 19. Potassium dihydrogen phosphate (KH~04) 
8.5g. Sodium citrate 
19. Magnesium sulphate (MgS04.7H20) 
O.2g. Calcium chloride (CaC12 _6H20) 
O.05g. Ferric chloride (FeC13 .6H20) 
solution B made up in 500ml. with distilled water. 
The two solutions, A and B were then mixed and the pH 
adjusted to 7.0 - 7.2 
Sampling procedure then followed the stages described in 
section 2. 
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I 	 APPENDIX III 
I 
!I 	 P~OCEDURE FOR EMBEDDING, STAINING AND SECTIONING 
THE MUClLAGENOUS BALLS DESCRIBED IN SECTION 3. 
--I 
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The Procedure for Embeddl'ng. Stalmng and Sectioning of__ . . 
the Mucilagenous Balls Found on the Surface of Liquid 
Cui tures, Especially when Kept Axenic 
Because of the difficulty in preparation of algal 
material for mic roscopic examination under a light micro­
scope, the following technique was adopted: 
imbedding 
1) The mucilagenous balls were removed from the culture 
medium into distilled water to free the material from 
salts which could interfere with any subsequent stages. 
2) It was necessary to fix the material prior to 
embedding, and a suitable fixer was found to be Keefe's 
preserving fluid, but with copper acetate substituted for 
copper chloride and uranium ni trate :­
109. copper acetate was heated in lOOmi. distilled 
water until dissolved and then the additions of 
the ingredients below made : 
90 mi. 50% ethyl alcohol 
5 ml. formalinI 2.5 ml. Glycerin 

Glacial acetic acid
I 
 2.5 ml. 
material was left in fixer for 3-4 days. 
the algal 
3) After removing the balls from fixer, they were prepared 
I for embedding by first washing free of excess fixative, secondly dehydration through a series of alcohols over a j
j 	 24- hr. period and finally into xylene for several hours. 

4) Paraffin wax was used for embedding, and the tissue
I 
I 
f ix 
t 
was blocked up and left to harden. 
Sectioning 
The material for examination had proved difficult to 
embed, due to the difficulty in getting wax to permeate 
the interior of the balls. The hardened wax block there­
fore presented its own problems in sectiOning. 
It was initially intended to section the material on 
a freezing microtome after firs t embedding in gelatin or 
agar, but not only did embedding prove difficult, but 
sectiOning at low temperatures was also impractical as 
the block could not be maintained at the ideal temperature 
and thus section became brittle and could not be cut with­
out crumbling • 
. With the improved wax blocks it became possible to 
section with a Leitz sledge microtome to produce sections 
of 7 micron thickness and suitable serial sections were 
made across the algal masses. Sections were then placed 
on slides by floating onto the slide in a warm water bath. 
Staining 
The tissue at this stage consisted of wax impregnated 
sections dried onto microscope slides and therefore 
required dewaxing prior to staining : 
1) Xylene was used as a dewaxing agent, standing the 
slide in coplin jars containing xylene for 15 minutes an~ 
into a change of fresh xylene for a further 5 minutes. 
2) The subsequent stages of staining obviously depends 
on whether the stain has an aqueous or alcoholic base. 
x 

There were two simple stains used namely aqueous methylene 
blue and alcoholic light green (70% ethanol), both gave 
general staining of the material and proved as successful 
for simple examination of the algal balls as other more 
complex stains. 
N.B. Counter-staining gave no acceptable sections. 
Methylene blue 
Procedure - Dewaxed in xylene 
Taken from xylene through the alcohols 
(90% down to 30%) to distilled water 
Stained for ten minutes in methylene blue 
Quickly taken back up through the 
alcohols (quickly to prevent removal of 
stain from the section) 
Cleared in xylene 
Mounted in canada balsam 
Alcoholic light green : 

Procedure - Dewaxed in xylene 

Taken down through the alcohols only as 

far as 70% ethanol (because the stain is 
made up in 70% ethanol) 
Stained with light green for 15 minutes 
Quickly back up through the alcohols 
Cleared in xylene 
Mounted in canada balsam 
Mounting 
After staining all slides were mounted with cover­
. t drop of canada balsam and left to dry
slips lowered on 0 a 

in an oven overnight at 60oC. 
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APPErmIX IV 
A...._ 	 RESULTS FROM AN EXPERIMENT CONCERNING GROWTH 
AND NITROGEN FIXATION ON N-FREE Y~IA 
(SECTION 4, EXPT. i) 
B. 	 RESULTS FROM AN INVESTIGATION OF THE EFFECT 
OF EXTERNAL NITROGEN ON ACETYLENE REDUCTION 
(SECTION 4, EXPT. ii) 
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A. 	 Results from an Experiment Concerning Growth and 
Nitrogen Fixation on Nitrogen-Free Media 
(see Section 4, Expt. i) 
Table 	of the Levels of C2H4 Produced from Acetylene 
Reduction Assays and Levels of External Nitrogen, Found 
Throughout a 10 Dav Period 
Time from Start n.moles External N. (hrs. ) C2~/cm2/hr. <eg./ml • ) 
0.0 124.33 0.00 
2~.0
2 .5 
56.83 
170.50 
1.05 
1.10 
46.0 206.02 2.00 
49.5 68.91 2.00 
75.0 
84.0 
108.0 
116.0 
142.0 
147.0 
68.91 
223.07 
49.73 
56.83 
98.75 
83·83 
1.30 
1.60 
2.00 
2.70 
1.80 
1.80 
166.0 
171.0 
190,.0 
192.0 
194.0 
19~.021 .0 
217·0 
51.15 
122.19 
210.28 
164.82 
92.00. 
88.00 
83.8~ 
105.1 
1.50 
2.00 
2.10 
1.00 
1.20 
0.90 
1.90 
1.90 
N.B. Total N was determined by Kjeldah1 digestion of the 
culture medium, followed by colorimetric ammonia 
estimation. 
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B. 	 Results from an Investigation of the Effect of 
External Nitrogen on Acetvlene Reduction 
Table of the Mean Values of Acetylene Reduction 
(C2H4 Production) and Total N in the External Medium 
Throughout a 10 Day Period 

Time from Start (hrs.) 
0.0 
1.5 
24.0 
48.0 
72.0 
96.0 
120.0 
144.0 
168.0 
192.0 
216.0 
240.0 
C2li4 Production 
(n.moles/cm2/hr.) 
112·39 
37.51 
53.14 
19·32 
14.84 
11·37 
5.12 
34.53 
69.90 
194.14 
71.61 
210.06 
Total N. 

(I' g.N/ml.) 

30~00 
-
7.45 
5.27 
5.11 
5.19 
4.94 
1.81 
2.47 
2.14 
1.07 
0.82 
N.B. Total N was determined by Kjeldahl digestion 
followed by colorimetric analysis of ammonia. 
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APPENDIX V 
TABLE OF CALCULATED VALUES OF l/V AND liS FOR THE 
LINE-WEAVER, BURK ,PLOT USED IN SECTION 5, EXPT. i1. 
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_____________1IIIf " I
i~~~1 
Table of Calculated Values of liS and l/V for the N2 
and Ar Atmospheres (Where S ~ Concentration of Substrate 
(C2H2) and V :: Rate of Ethylene Production), after having
, 
Applied a Correction for the Variation in O2 Concentration 
A.. Atmospheres of 76% N2 •• 
s 
'Y-' moles C2H2 ) 
44.6 
89-~ 
178.5 
37,_1
71 .2 
1071.4 
1428.5 
1785.7 
2142.8 
2500.0 
B. Atmolilph§r§lil 
S 
4-4.6 
8~.2 
17 .5 
357·1 71~.2 
1071..4 
1428.5 
1785.~ 
21l.t-2. 
2500.0 
l/S V 
(n.mo1es C2Hy' 
, cm2/hr.) < 
1/V 
0.0224 
0.0112 
0.0056 
0.0028 
0.0014 
0.0009 
.0.818 
1.708 
2.958 
4.847 
7.270 
7.789 
6.980 
8.064 
9.445 
7.143 
1.2~0.58 
0.338 
0.206 
0.138 
0.128 
Vmax • reached 
and therefore 
all further 
values of l/V 
are equal. 
ot: 26~ Ar •• 
l/S V l/V 
0.0224 
0.0112 
0.0056 
0.0028 
0.0014 
0.0009 
1.633 
~.295
.846 
7.326 
8.563 
8.231 
7.250 
9.315 
8.250 
7.72~ 
0.612 
0.304 
0.206 
0.137 
0.117 
Vmax • reached. 
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·APPENDIX VI 
TABLE OF VARIOUS LEVELS OF ETHYLENE PRODUCED FROM 
A VARIETY OF BIOLOGICAL AND NON-BIOLOGICAL SYSTEMS 
DESCRIBED IN SECTION 6. 
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Table of Rates of Ethylene Production for Experiments 
(i) to (vii) (Section 6) 
EthyleneExpt. Cylinder Autoclaved Soil Not C2H2 (fA ~oles/No. Material Soil Autoclaved cm /hr.) 
i) Steel None 
Steel None 
ii) Steel + None 
Steel + 10% 0.130 
0.034ii1) Steel + 
10% 0.026Steel + 
.None1v) Glass 
NoneGlass 
Nonev) Glass + 
10% NoneGlass + 
0.031
vi) Glass + 
10% 0.019Glass + 
None
vii) Glass + 
10% NoneGlass + 
• (inc. scrap
metal pieces) 
xviii 
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APPENDIX VII 
MISCELLANEOUS DATA AND CONVERSION FACTORS 
PERTAINING TO THE LYSIMETER EXPERIMENT IN SECTION 8. 
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Miscellaneous Data and Conversion Factors Pertaining to 
Lysimeter Experiment 
Lysimeter Dimensions 
Length 
Depth 
Breadth 
: 
5 metres 
0.68 metres 
3 metres 
Treatment Dimensions : 
Length 
Depth 
Breadth 
2.5 metres 
0.68 metres 
1.5 metres 
Soil Measurements per Treatment : 
Surface area 3·75 sq.metres (= 0.000375 Ha.) 

Depth 0.66 metres 

Volume 2.475 cu.metres 

Fresh wt. estimated at 3118.99 Kg. 

Dry wt. estimated at 2464.00 Kg. 
Measurements of Irrigation Water and Rainwater: 
1 cm. depth over lysimeter surface x 37.5 : 37.5 litres 
1 litre leachate x 0.2666 = 0.0266 cm. rainfall 
Constitution of Leachate (e.g. Nitrogen) : 
ppm. N in sample x litres of leachings per treatment x 
0.001 = gm. N / treatment. 
ppm. in sample x Iitres of leachings per treatment x 
2.6666 = Kg.lEa. 
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APPENDIX VIII 
A. 	 ACCUMULATIVE LEACHATE NITRATE FOUND THROUGHOUT 
1975 AND 1976. 
B. 	 VARIOUS CROP YIELD VALUES FOR THE LYSIMETlm 
EXPERIMENT (SECTION 8) 
c. 	 CROP NITROGEN VALUES FOR THE LYSIMETER 
EXPERIMENT. 
D. 	 SOIL NITROGEN LEVELS' AT END OF 1975 AND 1976 
SEASONS. 
xxi 
, 
A. 	 Table of ACCumulative LeaChate-Nitrogen for the Two Seasons 
(given as gramsN removed) 
(i) J.2.2.2 

Month 

Al. A2 !l !!t B1 B2 !l3. ~ 
January 4.50 4.2 3·9 4.5 4.2 It.5 It.5 It.O 
February 28.24 27.94 26.06 25.07 29.52 28.2lt 28.2lt 27.73 
)( 
x March 84.34 84.08 82.19 81.2 81.92 76.89 83.80 83.88 
April 87.45 86.33 84.80 8lt.12 84.30 79.24 86.05 85.90 
May 103.61 100.85 91.16 91.20 93.19 93.83 98.50 97.33 
June 104.23 101.27 91.39 91.35 93.24 93.89 98.69 97.43 
July 104.23 101.27 91.39 91.35 93.24 93.89 98.69 97.43 
August 104.23 101.27 91·39 91.35 93.24 93.89 98.69 97.43 
September 107.75 105.84 91.97 91.78 93.77 94.36 99.29 98.03 
October 107.75 105.84 91.97 91.78 93.77 94.36 99.29 98.03 
November 132.74 132.64 99.24 98.36 100.13 100.37 105.19 104.36 
December 167.78 '170.04 109.25 106.92 107.81 107.57 112.51 111.96 
- - -
Accumulatiye Leachate-Nitrogen Values Cont'd 

(i1) ~ 
Jrionth Treatments 
Ag A4, B2 B4U !l !!! III 
January 201.11 207·37 118.21 115.36 115.92 115.73 120.85 120·30 
February 227.97 239.11 124.72 121.70 121.44 120.79 126.14 125.82 
x 
x March 237.77 249.61 127.10 124.08 123.69 122.54 128.04 128.00....
-. 
April 253.45 266.76 129.83 126.64 126.00 124.71 130.21 130.22+ 
'May 253.45 266.76 129,.83 126.64 126.00 124.71 130.21 130.24 
June 253.45 266.76 129.83 126.64 126.00 124.71 130.21 130.24 
July 253.45 266.76 129.83 126.64 126.00 124.71 130.21 130.24 
August 253.45 266.76 129.83 126.64 126.00 124.71 130.21 130.24 
September 253.45 266.76 129.83 126.64 126.00 124.71 130.21 130.24 
October 429.83 448.55' 174.09 166.73 156.32 153.45 160.12 160.19 
November 482.74 498.85 190.40 180.67 164.52 160.54 168.85 169.39 
December 590.34 579.78 225.94 211.94 181.09 176.63 184.80 188.58 
B.. CroP l1e14 Re§u1ts for 1975 and 1976 
(1) taRle gt .treAtment Yle1ds (Air Dry) For 1975 : 
Straw Ear TotalTreabaent 	 %TotalDrLWt. Dry wt. Yield Straw Ears10. Cg.) 
.. !iIi'WI J'•.. , _ OM • 
g,) Cg.) 
15'60 	 300 1860 83·87 16.13

'l 
.2 	 1625 452 2077 78.23 21.77 

2365 764 3129 75.58 24.42
.3 

.lit 2263 566 2829 79.99 20.01 

2150 633 2783 77.27 22.73
B1 
779 3114 74.98 	 25.02
BZ 	 2335 

B3 2215 	 654 2869 77.2 22.8 

666 2841 76.57 23.43
B'r 	 2175 
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(ii) Dry Weights of Straw and Ear for Batches of 200 

Individuals for 1975 : 

Treatment 
No z 
Al a 
b 
c 
d 
A2 a 
b 
c 
d 
A3 a 
b 
c 
d 
A4 a 
b 
c 
d 
Bl a 
b 
c 
d 
B2 a 
b 
c 
d 
B3 a 
b 
c 
d 
B4 a 
b 
c 
d 
Wt. 
 200 Stems 
( g) 
203.0 
210.0 
200.0 
208.5 
147.0 
146.5 
140.0 
148.0 
123·0 
122.0 
122.0 

127·0 

90.0 
101.0 
93.5 
87.0 
117·0 
110.0 
111.0 
122.0 
la5•0 1 1.0 
137.5 
136.0 
110.0 
112.0 
106.0 
115.0 
115·0 
112.0 
117·0 
108.5 
Wt. 200 Ears 
(g) 
a8•50.0 
~8.51.0 
41.0 
41.0 
40.0 
41.0 
40.5 
a
39.0 
6•51.0 
23.5 
26.0 
24.5 
25.0 
35.5 
30.5 
30.0 
31.5 
44.0 
42.0 
46.0 
46.0 
31.5 
30.0 
31.5 
33·0 
33·0 
31.0 
34.0 
30.5 
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I 
(111) Table of Treatment Yields (Air-Dry) For 1976 
Straw Ear TotalTreatment %TotalDry,Wt. Dry wt. YieldNo. Straw Ears(g.) (g.) (g.) 
1.1 780 572 1352 57.68 42.32 

A2 856 506 1362 62.85 37.15 

A3 834 382 1216 68.61 31.39 

A4 747 377 1124 66.45 33·55 

Bl 726 388 1114 65.2 34.8 

'B2 916 523 1439 63.7 36.3 

1087 70.86 29.14
B3 770 317 

B4 788 397 1185 66.5 33.5 
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r 
(iv) Dry Weights of Straw and Ears for Batches of 200 
Individuals for 1976 : 
Treatment 
No. Wt. 200 Stems wt. 200 Ears 
( g) ( g) 
Al a 135.4 99.4 
b 131.2 100.7 
c 
d 
130.0 
137·5 
94.~96.' 
A2 a 
b 
c 
d 
148.4 
151·3 
1~0.91 6.5 
87.7 
90.2 
89.6 
85.4 
A3 a 
b 
c 
d 
149.2 
148.3 
148.4 
150.6 
68.2 
64.~67. 
70.0 
A4 a 
b 
c 
d 
153.6 
152.0 
153.4 
153.9 
68.Z.65. 
68.5 
68.7 
B1 a 
b 
c 
d 
142.2 
139.6 
lifo. 5 
146.0 
75.9 
70.3 
76.0 
74.2 
B2 a 
b 
c 
d 
156.1 
150.5 
149.8 
151·3 
89.0 
91.6 
75.0 
87.0 
B3 -a 
b 
c 
d 
144.5 
1~.21 .7 
140.2 
59.4 
62.3 
61.7 
65.6 
B4 a 
b 
c 
d 
141.2 
140.5 
143.7 
142.6 
71.1 
69.8 
70.2 
71.7 
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o. Crop Nitrogen Results for 1975 and 1976 

(11) Total Crop-N per Treatment for 1975 : 
Treatment Straw-N Ear-N Total-NNos r 
( g) ( g) (g) 
6.4l+ 25.21Al 18.77 
A2 26.76 9.50 36.26 
16.60 16.25 ,32.85A3 
A4 16.86 11.97 28.83 
Bl 15.68 13·00. 28.68 
B2 12~52 16.55 29.07 
B3 17.23 13.80 31.03 
134 18.29 14.14 32.43 
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eii) Total Crop-N per Treatment for 1976 

Treatment 
NQ. Straw-N 
( g) 
Al 6.95 
A2 6.97 
A3 5.73 
A4 5.83 
B1 3.83 
B2 5.15 
B3 8.96 
B4 7.85 
Ear-N Tota1-N 
( g) ( g) 
7.84 14.79 
7.41 14.38 
5.18 10.91 
4.91 . 10.74­
5.03 8.86 
8.23 13.38 
6.63 15.59 
??6 15.61 
xxix 
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D. Soil Nitrogen Leyel§ at End Qf~975 and 1976 Seasons 
(1) Table of N Contents of So11qfrQfl1es, (a) 0-20cm., (b) 20-ltOcm., 
I" (c) lto-66cm., at the end ottbe 19Z5' Season 
I 
Autymn 12Z2:: 
Kjeldahl-N 
, So11D_l"--'L wt. lW.3-N Organic .... Tot§l-NAmmonium-N ( 
(Kg.) (Kg. ) {Kg. ) (Kg.) 
)( a j b c a b c ---lL.- -L --.£.:.... 
)( 
x Al 746.7 746.7 970.7 0.112 0.127 0.107 1·79 1.64 1.94 5.716 
II, nA2 0.23 0.25 0.18 1.87 1.57 1.94 6.04" 
A3 .. " " 0.02 0.02 0.03 1.64 1.64 2.23 5.58 
" 
If IIiA4 0.02 0.02 0.04 1.64 1.49 2.04 5.25 
" 
IIBl " 0.015 0.02 0.02 1.57 1.64 2.04 5.305 
II II IIB2 0.015 0.015 0.02 1.49 1.42 1.94 4.90 
IIB3 " 0.015 0.015 0.02 1.5'7 1·72 1.94 5.28" 
11 IIB4 - " 0.015 0.015 0.02 1.49 1.49 1.84 4.87 
-----~'~__. i.-.~~ 
,(ii) Table of N Contents of Soil Pr~file, (a) 0-20cm., (b) 20-40em., 
(e) 40-66em., at the end of the 1976 Se§son 
Aytumn 12Z6 
Kj~ldahl-N 
S01~ Dry Wt. !2]:1! OrgS!nie .. TQta1-N 
Ammoni!l!D-N (Kg.) (Kg. ) lKg.) (K~. ) 
x 
)( a b c S! 12 Q -1L- -L -lL 
x Al 746.7 746.7 970.7 0.01, 0.008 0.06 1.69 1.62 1.70 ,.093 
A2 0.008 0.01, 0.03 1.42 1.42 1.74" II " 4.633 
tI IIA3 " 0.008 0.015 0.02 1.34 1.34 2.01 '4.733 
It ItA4 0.015 0.008 0.02 1.24 1.55 1.51 4.343" 
B1 ", It 0.008 0.008 0.02 1.40 1.55 1.51 4.lf96" 
II IIB2 0.008 0.008· 0.01 1.24 1.55 2.06 4.876" 
II II ItB3 0.008 0.008 0.01 1.46 1.55 1.87 4.906 
II IIB4 
" 
0.008 0.008 0.01 1.36 1.43 1.9, 4.766 
.," 
I 
j,.." 
J 
